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ABSTRACT 
 
Cases such as the Legionnaires’ outbreak in 1976 (Fraser, et al., 1977) has made it 
apparent that there is a need to incorporated indoor air quality driven design to promote 
building occupant health.  More recently there has been an interest in understanding what 
level of protection buildings can provide to occupants against biologically weaponized 
contaminants  based on building characteristics such as building type and vintage, as well 
as typical operating procedures.  Current literature exposes a need to complete a whole-
building, systematic variation of parameters assessment to understand how key (or 
pertinent) building factors relate to overall building contamination levels.  This study 
uses recently collected data (Deru, et al., 2010) for a generic medium office building 
coupled with literature and CONTAM  (Walton & Dols, 2005) simulation software, to 
complete a whole-building, systematic variation of parameters assessment  ( a total of 
810 simulation scenarios) to evaluate ranges of building factors and removal mechanisms 
to understand their relationship to overall contaminant retention rates.  The pertinent 
building factors in this study include: air-handler outdoor air percentage, air-handler 
filtration, envelope filtration, envelope leakage, interior surface deposition, supply-side 
duct deposition, as well as average outdoor temperature and wind speed for Baltimore, 
MD.  Results suggest that contaminant retention rates are highly sensitive air-handler 
operation and outdoor air percentage, and that interior surface deposition is a large 
removal mechanism for these simulations. 
 
Keywords: whole-building simulation, sensitivity, particulate, biological weapon 
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1. INTRODUCTION AND BACKGROUND 
1.1. Introduction 
In July 1976, a pneumonia outbreak of then unknown origin claimed the lives of twenty-
nine individuals.  Later investigation would show that the first outbreak of Legionnaires’ 
Disease was the cause of poor building design (Fraser, et al., 1977).  While foresight 
could not predict that this event would occur, current simulation tools can provide insight 
on how combinations of building factors can protect building occupants from harmful 
outdoor contamination in the future.  A recent building stock survey (Deru, et al., 2010) 
has made it possible to understand the current condition of commercial office buildings in 
the United States, providing substantial whole-building data to be used in robust, indoor 
air quality simulation.  Recent events have peaked interest in understanding how outdoor 
biological contaminant levels (characterized by particulates) migrate indoors, and what 
building factors can reduce occupant exposure to those levels.  The data now available 
makes it possible to complete a multi-zone, whole-building, variation of parameters 
simulation to understand the realistic conditions of current commercial buildings and 
their vulnerabilities to outdoor contaminant migration indoors. 
1.2. Background Information 
The United States Environmental Protection Agency estimates that the average American 
spends approximately 90% of their time indoors (Robinson & Nelson, 1995).  The 
purpose of buildings is to protect occupants from an otherwise harmful outdoor 
environment since so much time is spent indoors.  Unfortunately, the relative degree of 
protection buildings provide is largely unknown, especially for the commercial building 
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sector where the current building stock can vary greatly with respect to construction type 
and vintage.  This variation of construction type and vintage can lead to a wide range of 
building parameters making it difficult to characterize how outdoor contamination enters 
the indoor environment and through which mechanisms. 
 
While a building encounters many types of contaminants (particulate, gaseous, 
radiological), recent events have caused weaponized biological contaminants to be agents 
of concern.  Under certain conditions, biological weapons have a destructive potential 
rivaled only by nuclear weapons (Office of Technology Assessment, 1993), and should 
be addressed as contaminants of interest in indoor air quality modeling.  Anthrax is often 
described as an ideal biological agent: it is highly resistant to mechanical stresses, and fits 
into a particle regime (1 µm) that is not easily exhaled from the lungs and will not easily 
be caught in the upper respiratory tract (Yuan, 2000).  In this section, methods of 
introduction and removal of contamination in indoor spaces will be introduced to provide 
background information for this project.  First, an overall mass balance equation is 
introduced.  Then some of components are explained in greater detail.  These components 
include: outdoor air ventilation rate, ventilation system operation, filtration, envelope 
tightness, envelope filtration, particle deposition, weather, and building aspect ratio. 
1.2.1. Contaminant Concentration 
A mass balance equation (Equation 1) is often used to describe the impact of various 
building factors on indoor contaminant concentrations(Thatcher, et al., 2001):   𝜕𝜕𝐶𝐶𝐼𝐼
𝜕𝜕𝜕𝜕
= (𝐶𝐶𝑂𝑂𝑃𝑃 − 𝐶𝐶𝐼𝐼)𝜆𝜆𝑣𝑣 + 𝐶𝐶𝑂𝑂𝑃𝑃𝐻𝐻𝜆𝜆𝐻𝐻 − 𝐶𝐶𝐼𝐼(𝑃𝑃𝐹𝐹𝜆𝜆𝐹𝐹 + 𝑃𝑃𝐴𝐴𝐹𝐹𝜆𝜆𝐴𝐴𝐹𝐹) − 𝐶𝐶𝐼𝐼𝛽𝛽 + 𝐺𝐺 (1) 
Where: 
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CI = indoor particle concentration at time t (# cm-3) 
t = time (h-1) CO = outdoor particle concentration at time t (# cm-3) P = penetration factor, (1-efficiency, no units) PH = penetration factor through HVAC supply (no units) PF = penetration factor through HVAC recirculation that accounts for removal by 
filters and duct deposition (no units) PAF = penetration factor for auxiliary filter (no units) 
λV = air exchange rate due to infiltration (h-1) 
λH = air exchange rate through HVAC supply system air (h-1) 
λF = normalized air flow rate through HVAC recirculation or other systems (h-1) 
λAF = normalized air flow rate through portable air filters (h-1) 
β = deposition loss rate (h-1) G = particle generation, coagulation, resuspension, or phase conversion (# cm-3 t-1) 
However, defining these factors is highly dependent on building construction, operational 
strategies, and highly variable factors like indoor material composition (for deposition 
and resuspension).  Therefore, outdoor particle migration and fate indoors must be 
assessed on a case by case basis for high resolution, but that there are a general set of 
factors that may contribute more than others to building contamination.   
1.2.1.1. Outdoor Air Ventilation Rate 
The rate at which outdoor air enters the building determines the amount of outdoor 
contaminant that enters. This outdoor air change rate includes both intentional air intake 
via the ventilation system and uncontrolled air leakage via envelope infiltration.   
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1.2.1.2. Ventilation System Operation  
Air handler unit (AHU) operation is a very important factor in contaminant entry.  An air 
handling system is the active form of air transport into the conditioned space.  Typical 
AHU operation is based on ASHRAE 62.1 (ASHRAE, 2004)requirements for ventilation.  
This means that approximately 6% – 19% of building airflow is outdoor air in a 
commercial building (Persily & Gorfain, 2008) under typical operating conditions.  
However, in some scenarios, the outdoor air percentage can be as high as 100%.  When 
AHU’s operate in this mode (referred to as the economizer mode), they are mechanically 
introducing the greatest amount of contamination possible into the building. 
 
Not only does AHU operation directly affect the amount of outdoor air introduced into 
the building, but combined with stack effects, thermal gradients, and wind flows, it 
directly affects the pressurization of the building.  A positively pressurized building will 
minimize the contamination from infiltration air.  Additionally, it may attempt to expel 
indoor contamination across the envelope.  Alternatively, a negatively pressurized 
building will attract outdoor contamination through infiltration, as well as entrain 
contamination that is already indoors. 
1.2.1.3. Filtration 
Codes and standards have dictated that certain filters are required on the supply side of 
ventilation and air-conditioning systems.  Filtration is primarily used to limit dirt buildup 
on cooling coils and other wetted surfaces to reduce potential microbial growth and to 
maintain good heat transfer between the air and coils.  More stringent filtration can be 
used by operators and owners,butincreasing filtration can create a greater pressure drop 
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across the filter media, putting a greater strain on the air handling system.  AHU filtration 
is the first type of particle sink that contamination will encounter when an AHU is 
operating. 
 
Filters can be characterized based on their minimum efficiency reporting value, or 
MERV rating.  The MERV scale ranges from 1 to 16 and measures how well a filter 
removes particles ranging from 0.3 to 10 microns in size.  A higher MERV rating denotes 
not only higher removal efficiencies, but also an ability to remove smaller particles 
(Veeck, 2011).The minimum required filtration in a commercial building is MERV 6 
(ASHRAE, 2004) which translates to a removal efficiency of 0.17 for 1 micron particles. 
Figure 1 depicts MERV filter efficiencies as a function of mean particle diameter.  Each 
curve in the figure represents a different MERV filter rating (denoted by the number 
above each curve).  Figure 1 shows that a removal efficiency of approximately 1 can be 
achieved with a MERV 16 filter for 1 micron particles. 
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Figure 1. MERV Efficiency by Particle Diameter (Kowalski & Bahnfleth, 2002) 
1.2.1.4. Envelope Tightness 
Disregarding the AHU system, the building envelope is the primary barrier between the 
indoor conditioned space, and outdoor unconditioned space, due to infiltration.  Ideally, a 
building envelope would perfectly expel contamination from within as well as repel 
outdoor contamination from entering.  However, construction and design practices dictate 
that building envelopes are not airtight.  While many sources in media and technical areas 
refer to commercial buildings as being airtight, this is not true (Emmerich & Persily, 
2005).  Envelope leakage stems from unsealed cracks and orifices that can allow potential 
contamination to travel across the envelope.  A “leakier” envelope will typically allow 
more contaminant transport across the envelope, while a “tighter” envelope will not.  For 
an average commercial building, the average air leakage at 75 Pa is 28.4 m3/h*m2, but 
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data suggest that it can be as low as 2.7 m3/h*m2, or as high as 168 m3/h*m2(Emmerich 
& Persily, 2005). 
1.2.1.5. Envelope Filtration Factor 
Understanding that the building envelope is not perfectly airtight, it is understood that 
some contamination can travel across the envelope.  Interestingly, the construction and 
design practices that create leaky building envelopes also creates a system of cracks and 
orifices that act as filters of various efficiencies for various particle diameters.  The 
proportion of contamination trapped by the envelope (e.g. deposition or reaction on 
surfaces) to the average air concentration before it enters the envelope is called the 
envelope filtration factor.  Envelope filtration factor is a function of the pollutant species 
as well as the geometry, surface materials, and pressure drop of the leakage path (Liu & 
Nazaroff, 2001).  Because envelope filtration factor reflects a passive filtration action, it 
is important to evaluate contamination entrainment mechanisms.  For 1 micron sized 
particles, as much as 50% of particles may be entrained by the envelope (Liu & Nazaroff, 
2001). 
1.2.1.6. Particle Deposition 
Envelope filtration and AHU filtration are important particle sinks in calculating overall 
building contamination.  Interior surface deposition is equally important, but often 
difficult to characterize because they depend on several factors including particle size, 
shape, composition, concentration, room air velocity, deposition surface area, and room 
surface characteristics (Howard-Reed, Wallace, & Emmerich, 2003).  Based on particle 
size, the deposition mechanisms may vary greatly; larger particles may be governed 
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greatly by settling velocity, while smaller particles may be influenced by thermal plumes 
and gradients.  1 micron particles fall into a regime somewhere in the middle, where they 
can be influenced by both.  Other variables, such as electrostatic forces (e.g. computer 
banks), can greatly influence the fate of particles as well.  However, these interactions are 
largely unknown.  Interior surface deposition is assumed to play an important role in 
indoor contamination for the purposes of this study.  Additionally, deposition in different 
zones (conditioned, unconditioned, plenum) is assumed to be different. Apart from 
interior surfaces, particle deposition on mechanical components (i.e. heat exchanger coils, 
sheet metal) can be of large concern as well. 
1.2.1.7. Weather Conditions 
Weather is an important factor when considering contaminant movement since 
temperature, wind speed, and wind direction all affect the fate and transport of 
particulates.  Indoor and outdoor temperature gradients induce stack effects in buildings.  
The impact of wind could locally overcome the designed mechanical pressurizations of a 
building.  Therefore, building indoor airflow and contaminant fate and transport under 
extreme weather conditions (e.g. very hot and very windy or very cold and very still) are 
very different from those under “normal” weather conditions. 
1.2.1.8. Building Aspect Ratio 
The aspect ratio of a building may be a direct result of the location of unique zone 
placement among many other things.  Lesser or greater cross sectional areas of building 
envelope are assumed to play an important role in contaminant transport across the 
building envelope, but are not evaluated in this study. 
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1.3. Review of Literature and Research 
The purpose of a whole-building simulation is to provide insight on combinations of 
factors which, through either cumulative or synergistic effect, either increase or decrease 
outdoor particle migration indoors.  A study by Yuan (2000) investigated the sheltering 
effects of buildings from an outdoor anthrax cloud.  The study used a single-zone model 
of a residence to evaluate how infiltration, ventilation, filtration, and surface deposition 
relate to indoor, human exposure levels.  The study notes that in residences, outdoor air is 
introduced into the building through infiltration, not direct mechanical ventilation.  The 
study used three different infiltration rates and two different filtration rates to draw 
conclusions about how single-measure alterations reduce human exposure levels.  The 
study concluded that without any alteration, a building reduces human dose by 50%.  
However, through extensive envelope sealing, tighter building construction, and stringent 
filtration, that dose can be reduced to 8% of the outdoor level.  This is a somewhat 
simplified study which varies two building parameters to understand reduction in 
building contaminant levels, and it does not address the commercial sector. 
 
A study by Thornburg et al. (2001) used a variation of parameters approach for three 
scenarios: (i) commercial building with typical AHU; (ii) residence with HVAC system; 
(iii) residence without HVAC system.  Unfortunately this simulation used a single-zone, 
well-mixed model instead of a multi-zone model. The study used a Monte-Carlo method 
to produce a distribution of input factors for: deposition velocity, envelope filtration 
factor, outdoor concentration, biological generation rate, surface-area-to-volume ratio, 
and HVAC filter efficiency.  The study concludes that ventilation rates have the greatest 
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impact on outdoor contaminant transport indoors for commercial buildings, but that 
higher filter efficiencies can mitigate this problem. 
 
The findings about commercial building filtration by Thornburg et al. (2001)were 
supported by Riley et al. (2002)who conducted a fixed-parameter approach to model five 
scenarios: (i) office building with a MERV 9 filter; (ii) an office building with a MERV 
13 filter; (iii) a tight residence with standard central air; (iv) a residence with typical 
infiltration and ventilation but no central air; (v) a residence with high ventilation as a 
result of open windows.  The study identified the need to incorporate infiltration, 
ventilation, surface deposition, and filtration in modeling approaches. 
 
A study by Persily et al. (2009) reviewed how shelter-in-place leakage related to dose 
reduction (in terms of a protection factor against chemical and biological outdoor 
releases) through both single-zone and multi-zone modeling.  The study developed a 
relationship between outdoor weather conditions and airflow rates, both internally and 
across the envelope.  The study incorporated internal and external leakage rates to show 
that protection factors can as much as three orders of magnitude depending on leakage, 
mechanical airflow, and weather, alluding to the idea that correctly identifying realistic 
ranges of these parameters is important to accurate modeling.  However, this study did 
not include complex modeling of mechanical systems or removal rates within 
commercial buildings. 
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1.4. Statement of Need 
Based on the literature review, there is a strong need for a study to simulate a 
representative commercial building using a multi-zone, variation of parameters approach.  
While previous studies either address a whole building approach, or a systematic 
variation of parameters approach, none appear to be a robust combination of the two. 
1.5. Scope and Objectives 
The objective of this work is to evaluate, through simulation study, how ranges of 
suspected building factors contribute to outdoor particulate migrating indoors for a 
medium office building.  Although the scope of this study is only to assess one building 
type, it is expected that the developed approach can be translated to other building types 
to create the all-inclusive database needed for comprehensive area-wide simulation of 
similar contaminant scenarios. 
 
 While indoor contaminant concentration levels and overall removal of particles in a 
building are affected by many factors, the scope of this study addresses variation of: 
1) Air-handler outdoor air percentage 
2) Air-handler supply-side air filter efficiency 
3) Envelope filtration factor 
4) Envelope effective leakage area 
5) Interior surface deposition 
6) Supply-side ductwork deposition 
7) Temperature and wind speed weather effects 
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While many contaminants could be simulated, this study addresses 1 µm particulates due 
to that regime being related to many chembio agents of concern (Yuan, 2000).  The 
above factors were chosen because literature suggests that they have greatest impact on 
whole-building contami1nation levels for 1µm particles.  While other factors are assumed 
to be important to understanding whole-building contamination levels, they are assumed 
to play a less significant role than the factors listed above.  Other factors that are not 
addressed in this study should be considered in future work to reduce model uncertainty. 
 
The purpose of this simulation is to expose a medium office building to an elevated 
outdoor concentration of 1 µm particles and understand two metrics: 
1) The fraction of particles that cross the boundary layer of the building 
2) The amount of particles that settle within the building by removal mechanism 
The first metric is intended to capture the relative amount of particles that enters the 
building through envelope infiltration and through the ventilation system, as tempered by 
the level of particulate filtration in the system.  The second metric describes how much of 
this particulate matter is deposited within the building and where, as opposed to leaving 
the building with the outgoing ventilation air. 
1.6. Outline 
This report consists of four main components: description of the model, results, 
conclusions and discussion, and future work.  The description of the model explains the 
simulation process and the inputs used to develop the multi-zone, whole-building, 
parameter variation results.  The results section presents the results in terms of how 
various building factors affect contaminant levels and removal rates.  The conclusion and 
13 
 
 
discussion section summarizes key factors that present themselves in the simulation, and 
the interaction between various building factors.  The future work section describes what 
work should be continued to improve the application of this work to other scenarios. 
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2. MODEL DESCRIPTION 
2.1. Description of Simulations 
The multi-zone airflow and indoor air quality model CONTAM (Walton & Dols, 2005) is 
employed in this study.  CONTAM’s ability to handle both contaminant transport and 
multi-zone airflow within buildings makes it ideal for this simulation.  CONTAM 
interprets a building as a series of zones linked together by airflow paths.  Using mass 
balance, CONTAM calculates inter-zone airflow based on either steady-state or transient 
properties such as weather, temperature, and pressure.  Additionally, contaminant 
generation, removal, and transport are calculated, allowing CONTAM to report time 
sensitive zone concentrations of contaminants of interest. 
2.2. The Building Model 
Defining benchmark buildings can prove difficult.  Many generic building databases exist 
(see Appendix C). Unfortunately, generic indoor air quality building databases are fairly 
non-existent.  The building model developed here is based on a building from a collection 
of commercial reference building models developed for energy simulation (Deru, et al., 
2010).  While the focus of these buildings is on energy, they represent the pertinent 
physical characteristics of more than 60% of the U.S. commercial building stock covering 
16 building types and 16 U.S. locations.   
2.2.1. Baseline Model Physical Factors 
For this study, a medium sized office building is modeled and is exposed to an increase in 
the outdoor contaminant concentration; its characteristics and the sources of these values 
are described in .Table 1. 
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Table 1. Baseline Model Inputs and Assumptions 
 
While this is an idealized building model, it can be visualized as shown in Figure 2 
below. 
 
Figure 2. Idealization of Medium Office Building (3D Export, 2011) 
The medium office building in this simulation has three floors, with a square footprint.  
The core of the building houses the elevator and stair shafts, as well as the bathrooms, on 
all three floors.  The rest of the space is regarded as open office space.  The first floor 
Value Units Comments Source 
3 - Number of floors Deru et al., 2010 
1675 m2 Gross floor area Deru et al., 2010 
2.74 m Deck to plenum height Deru et al., 2010 
40.90 m Building length Deru et al., 2010 
1 - Aspect ratio Deru et al., 2010 
1.22 m Plenum to deck height Deru et al., 2010 
13.94 m2 Elevator shaft floor area ANSI A117.1, 2003 
13.94 m2 Stairwell shaft floor area ANSI A117.1, 2003 
37.16 m2 Loading dock floor area Assumed 
18.58 m2 Lobby floor area Assumed 
9.29 m2 Bathroom floor area (each) IBC, 2009 
2 - Toilets per bathroom IBC, 2009 
2 - Bathrooms per floor IBC, 2009 
25 L/s per fixture Bathroom exhaust rate ASHRAE, 2004 
5 L/s-m2 Design supply airflow rate Deru et al., 2010 
6 MERV Filter rating ASHRAE, 2004 
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also has two unique zones: the loading dock and the lobby.  Except for shafts and the 
loading dock, each zone has a return air plenum zone. The building has four air handling 
units: 
1) AHU1 – serves the office space  
2) AHU2 – serves the loading dock 
3) AHU3 – serves the lobby  
4) AHU4 –bathroom exhaust  
The first three provide outdoor air to each space. The office space system has more 
supply airflow than return airflow in order to positively pressurize the space with the goal 
of reducing envelope infiltration into the building. The loading dock and lobby air 
handlers have an excess of return air with the intent of keeping these spaces at a lower 
pressure than surrounding spaces.  The fourth air handler controls the exhaust for the 
bathrooms and is based on required exhaust per toilet fixture (a total of 12 fixtures). 
2.2.2. CONTAM Representation 
To model the building in CONTAM, the entire building is composed of seven levels, or 
floors.  Levels 1, 3, and 5, represent the first, second, and third floor office spaces 
respectively (these are the typically occupied zones where).  Levels 2, 4, and 6, represent 
the first, second, and third floor plenum zones respectively (these are the unconditioned 
zones where supply, return, and exhaust ductwork is located).  The only objects placed on 
level 7 are the four air handling units described in the previous section.  Each level is 
divided into five zones for: general office space, a male bathroom, a female bathroom, a 
stairwell, and an elevator shaft, with the exception of the first two levels, which have the 
two unique loading dock and lobby zones. 
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2.2.2.1. Air-Conditioning Systems 
Each air handler is modeled as a simple, constant volume, air handling unit using 
simplified AHU element (refer to CONTAM manual): it has an intake, an exhaust, and is 
connected to zones through supply, return, and exhaust components (supply, return, and 
exhaust flow rate for respective units are defined in the Table 1).  In CONTAM, each air 
handler has a system filter (denoted as supply-side filter) that captures particulate 
contamination before it enters the supply air stream and equipment. Building code 
demands that this filter have a MERV rating of at least 6(ASHRAE, 2004).  When using 
simplified AHU element, ductwork is assumed but not individually modeled in 
CONTAM.  Each floor has four main branch ducts with dimensions of 0.3 m (height) x 
0.9 m (width) x 25 m (length) and an average velocity of 450 m/s (to meet energy loads 
and noise criteria for the medium office).  Ductwork deposition is represented by an 
equivalent filter in the supply register for each zone, where the filter efficiency is based 
on empirical work by Sippola (2002):  𝜂𝜂𝐷𝐷 = 1 − 𝑒𝑒𝑦𝑦 , (2)  
and   𝑦𝑦 = �−𝑝𝑝∗𝐿𝐿∗𝑣𝑣𝑑𝑑
𝐴𝐴𝑐𝑐𝑐𝑐∗𝑈𝑈𝑎𝑎𝑣𝑣𝑒𝑒
�, (3) 
where: 
ηD = ductwork deposition equivalent filter efficiency (no units) 
p = cross sectional ductwork perimeter or wetted perimeter (m) 
L = branch duct length (m) Vd = ductwork deposition velocity (m/s) Acs = cross sectional ductwork area (m2) 
18 
 
 
Uave = average duct velocity (m/s) 
2.2.2.2. Passive Airflow 
Passive forms of air movement are represented by airflow paths in CONTAM, and 
represent airflow between zones and across the building envelope.  All airflow paths are 
based on one-way flow and an effective leakage area (ASHRAE, 2009), where:  
 𝐴𝐴𝐿𝐿 = 10,000𝑄𝑄𝑟𝑟 �𝜌𝜌/2Δ𝑝𝑝𝑟𝑟𝐶𝐶𝐷𝐷 , (4) 
where: AL = effective leakage area (cm2) Qr = predicted airflow rate at Δpr (m3/s) 
ρ = air density (kg/m3) 
Δpr = reference pressure (kg/m*s2 or Pa) CD = discharge coefficient (no units) 
While there are many choices for reference pressures and discharge coefficients, this 
simulation compares effective leakage areas for a reference pressure of 4 Pa and with 
orifice discharge coefficient of 1.0 as suggested by ASHRAE (Fundamentals, 2009).  
These effective leakage areas are meant to summarize all orifices on a particular 
construction and are generally normalized by that construction (the surface they 
describe), such as an exterior building envelope, interior floor, or other partition, typically 
resulting in a cm2/m2 value. 
 
This model has incorporated overall leakage through elements like the envelope and 
interior partitions, making the assumption that leakage across doors, windows, and the 
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structure are summarized by one value.  To incorporate exterior wind profiles and stack 
effects, envelope airflow paths are placed at relative elevations of 0.0 meters (bottom), 
1.4 meters (middle), and 2.8 meters (top) on levels 1, 3 and 5.  For levels 2, 4, and 6, one 
envelope airflow path is placed at a relative elevation of 0.6 meters.  The model 
incorporates a pre-defined wind pressure profile from CONTAM libraries.  Elements that 
are assumed to have unique flow patterns (two-way flow) are: 
1) Elevator and stair shaft doors 
2) Loading dock door 
3) Bathroom transfer grills 
These elements have been included because they are assumed to have very distinctive 
flow patterns that are different from other constructions, specifically that they are such 
large orifices that they allow for two-directional flow at one time.   
 
Floor plans of the CONTAM model are shown in Figure 3 and Figure 4 below.  For each 
figure, the image on the left depicts the general floors space (levels 1, 3, and 5) while the 
image on the right depicts the plenum level on each floor (levels 2, 4, and 6).  These 
images do not depict contaminant sinks, which are discussed in the following section.  
Example flow paths are labeled on the images, and refer to data provided in .Table 2. 
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Figure 3. First Floor Flow Path Diagram 
 
Figure 4. Second and Third Floor Flow Path Diagram 
For Figure 3 and Figure 4, zones are denoted in red text.  The zones are: (1) general 
office; (2) male bathroom; (3) female bathroom; (4) stairwell; (5) elevator shaft; (6) 
loading dock; (7) lobby.  Table 2 tabulates data for each of the flow path types, as 
Overall Envelope Leakage 
Loading Dock Door 
Shaft Doors 
Vertical Flow Element 
Supply Diffuser 
Bathroom Exhaust 
Return Register 
Interior Partition Leakage 
(1) 
(2) (3) 
(4) 
(5) 
(6) 
(7) 
(1) 
(2) (3) 
(4) 
(5) 
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described in the earlier sections.  Elements (1) and (2) are given a baseline value of (5 
cm2/m2).  However, overall envelope leakage is a pertinent building factor in this study, 
and the elements are altered during certain test cases.  All other elements and their values 
remain fixed for all simulation scenarios. 
Table 2. Airflow Elements in Model 
 
The average air-conditioning rate in the building is equivalent to 5.07 L/s-m2 (Deru, et 
al., 2010) to account for ventilation and thermal loads.  To ensure that the general office 
space is positively pressurized, the return airflow rate is approximately 90% of the supply 
(4.56 L/s-m2).  Alternatively, the loading dock and lobby spaces are approximately 125% 
of the supply (6.34 L/s-m2), to simulate a negative pressurization with greater absolute 
magnitude in those zones than in the general office space. 
 Value Units Comments Source 
1 5 cm2/m2 Envelope leakage elements vertically stacked for wind effects Emmerich, 2005 
2 5 cm2/m2 Envelope leakage element for plenum zones Emmerich, 2005 
3 5 cm2/m2 Interior partition distributed leakage element Emmerich, 2005 
4 250 cm2 Horizontal flow element through interior doors, leakage area Persily and Ivy, 2001 
5 35 cm2/m2 Vertical flow element through a suspended ceiling Persily and Ivy, 2001 
6 0.27 cm2/m2 Vertical flow element through a concrete deck Persily and Ivy, 2001 
7 9.3 m2 Vertical flow element for elevator shaft (power law shaft model) Persily and Ivy, 2001 
8 225 cm2 Horizontal flow element through elevator doors (per door) Persily and Ivy, 2001 
9 3.46 cm2/m2 Horizontal flow element for an elevator shaft wall Persily and Ivy, 2001 
10 9.3 m2 Vertical flow element for stairwell shaft (power law stair model) Persily and Ivy, 2001 
11 132 cm2 Horizontal flow element through stairwell doors (per door) Persily and Ivy, 2001 
12 0.48 cm2/m2 Horizontal flow element for a stairwell shaft wall Persily and Ivy, 2001 
13 0.45 cm2/m Horizontal flow elements for large loading dock door Persily and Ivy, 2001 
14 0.3 m2 Horizontal flow element through transfer grill in bathroom door Product Research 
15 5.07 L/s-m2 Supply register from AHU1 Deru et al., 2010 
16 4.56 L/s-m2 Return register to AHU1 Approximated 
17 5.07 L/s-m2 Supply register from AHU2 Deru et al., 2010 
18 6.34 L/s-m2 Return register to AHU2 Approximated 
19 5.07 L/s-m2 Supply register from AHU3 Deru et al., 2010 
20 6.34 L/s-m2 Return register to AHU3 Approximated 
21 300 L/s Exhaust register to AHU4 (constant exhaust per bathroom) ASHRAE, 2004 
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2.2.2.3. Interior Surface Deposition 
In a real building, particles will deposit on the interior surfaces of a zone.  These surfaces 
can include the ceiling, floor, walls, and other surfaces such as furniture and equipment.  
In CONTAM, this surface deposition is represented by a deposition rate sink model.  
Every zone has a sink, and the deposition as a function of time is described with the 
following equation (Walton & Dols, 2005):   𝛽𝛽𝑆𝑆 = 𝜈𝜈𝑑𝑑𝐴𝐴𝑐𝑐𝐶𝐶𝐼𝐼 , (5) 
where: 
βS = surface deposition rate (kg/s) 
νd = deposition velocity (m/s) AS = deposition surface area (m2) CI= indoor/zone particle concentration at time t (kg/m3) 
In CONTAM, the deposition surface area is the summation of the ceiling, floor, and wall 
area of the zone for which the deposition is being calculated.  Deposition velocity is 
higher in conditioned zones than unconditioned zones because AHU operation causes 
higher impaction rates (Howard-Reed, Wallace, & Emmerich, 2003).  In CONTAM, 
conditioned zones are modeled with a baseline deposition velocity of 3.0x10-4 m/s for 1 
µm particles and unconditioned zones are modeled with a baseline deposition velocity of 
6.0x10-5 m/s for 1 µm particles.  When the AHUs are operating, the general office, 
loading dock, and lobby zones are conditioned, while all other zones are unconditioned.  
When the AHUs are not operating, all zones are assumed to be unconditioned. 
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2.2.3. Weather Conditions 
The study by Deru et al. (2010) places the medium office building in a mixed-humid 
climate, represented by Baltimore, MD.  Historical, mean, monthly values for outdoor 
temperature and wind speed have been collected (NOAA, 2011)for Baltimore and are 
used to calculate the baseline weather conditions, which represent average outdoor 
temperatures and calm wind conditions.  The 50th percentile outdoor temperature for 
Baltimore, MD is 11 ⁰C, and the 10th percentile wind speed is 2.6 m/s; in CONTAM 
these values are used as the steady-state weather conditions.  Wind direction is arbitrarily 
set to 270⁰ (from east to west). 
2.2.4. The Contaminant Scenario 
Many external plume model types exist (see Appendix D and Appendix E).  However, to 
reduce the complexity of this simulation, and to understand how the pertinent building 
factors affect overall mass transport in the building under a controlled simulation, these 
models are not used for this simulation.  Instead, the plume is modeled as a well-mixed, 
ambient concentration in CONTAM that persists for a specified time period. 
 
The simulated contaminant is a particle modeled as monodispersed with a diameter of 1 
µm, representing a chembio agent.  The urban concentration of 1 µm particles averages 
20 µm3/cm3 (Riley, McKone, Lai, & Nazaroff, 2002).  Therefore, it is assumed that a 
concentration of 200µm3/cm3represents and elevated level(one order of magnitude 
greater than average).  In CONTAM, this elevated contamination is modeled with a 
concentration 200 µm3/cm3 and persists for 10 minutes, starting at 06:00 hours. 
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2.3. Simulation Scenarios 
The experimental setup of the simulation scenarios is pseudo-factorial (not all factors 
have the same number of settings).  Again, the factors considered are: 
1) Air-handler outdoor air percentage 
2) Air-handler supply-side air filter 
3) Envelope filtration factor 
4) Envelope effective leakage area 
5) Interior surface deposition 
6) Supply-side ductwork deposition 
7) Temperature and wind speed weather effects 
Most factors are explored with three settings: baseline, low, and high, and the simulations 
are divided into two sets of cases: AHU off (to simulate when the building is unoccupied, 
or when the mechanical systems are shut down) and AHU on (to simulate when the 
building is occupied).   
 
Simulations are run for a 24-hour time period with a one minute time step.  All model and 
pertinent building factors are static once set for a particular simulation scenario.  Keeping 
them static is an attempt to draw correlations between factors with relative ease.  The use 
of schedules or transient properties may complicate interpretation of the results and the 
ability to draw conclusions regarding the pertinent factors.  These simulations do not 
incorporate occupants or occupant-based mass transport mechanisms such as re-
suspension or inhalation. 
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2.3.1. Pertinent Building Factor Ranges 
Each pertinent building factor has a realistic range of values based on industry standards, 
typical operating procedures, and literature.  Additionally, some factors become less 
important or non-existent during certain scenarios.  Or, the realistic range of values alters 
during other scenarios.  For example, when an AHU is not running, or shut down, the 
supply-side filter efficiency is not important, because air will not pass over this filter.  
Alternatively, the range of values for deposition changes when zone airflow is laminar as 
opposed to turbulent (when zone is air is mechanically moved as opposed to not).  Unless 
otherwise noted, the baseline values represent average values from their associated 
sources, while high and low values represent reasonable upper and lower limits. 
 
In the same manner that the baseline weather conditions were calculated, five additional 
steady-state weather conditions are explored.  The baseline weather conditions represent 
a mild (50th percentile outdoor temperature), calm (10th percentile wind speed) day in 
Baltimore, MD.  However, to explore the effect of temperature variation, 10th and 90th 
percentile outdoor temperature values are used to represent cold and hot days.  Finally, a 
90th percentile wind speed was calculated to represent a windy day in Baltimore.  A total 
of six steady-state weather conditions are created from these combinations of potential 
average weather conditions. 
2.3.1.1. AHU Off Case 
The AHU off case could be considered less complex, because AHU related mechanisms 
are not considered (outdoor air intake, supply-side filtration, and duct removal).  
Additionally, since there is no mechanical conditioning, surface deposition velocity is the 
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same for all zones.  The applicable factors and their ranges are shown below in Table 3 
and creates162 simulations for this case. 
Table 3. Pertinent Factor Ranges when AHU is Off 
2.3.1.2. AHU On Case 
The AHU on case is more complex because it incorporates the AHU mechanisms not 
included in the AHU off case.  For the outdoor-air intake as a percentage of total supply 
air, the baseline is 12% for this medium office building (ASHRAE, 2004), but to 
represent a building operating in economizer mode, the high setting for outdoor-air 
percentage is set to 100%.  Again, code dictates a MERV-6 filter is required in this 
building, but a MERV-11 filter has been chosen as a “better commercial option” for 
removing particles between the 1.0 – 3.0 µm range.  More stringent filtration has been 
shown to have adverse effects on AHU operation (Veeck, 2011).  Finally, deposition 
velocities are shown to be higher in conditioned zones, so two sets of deposition 
velocities have been included in this case, for a total of 648 simulations (again, duct 
deposition and surface deposition are altered together). 
  
Low Base High Units Description Source  
- 0 - % Air handler operation OA percentage No OA when AHU off 
0 .1 0.5 ratio Envelope filtration factor Liu, 2001 
2 5 8 cm2/m2 Exterior envelope leakage area Emmerich, 2005 
2.0E-5 6.0E-5 3.0E-4 m/s Surface deposition velocity (fan off) Howard-Reed et al., 2003 
8.0E-4 8.0E-3 8.0E-2 ratio Equivalent duct/filter efficiency Sippola, 2002 
- 2.6 7.8 m/s Wind speed NOAA, 2011 
-2.8 11 25 °C Average temperatures NOAA, 2011 
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Table 4. Pertinent Factor Ranges when AHU is On 
 
2.3.2. Contamination Ratio Metric 
The simulation model calculates the amount of contaminant that enters, as well as where 
it accumulates within the building.  The simulations are first conducted for a baseline 
case in which all the building factors are set to their baseline values (as described in the 
previous section).  Additional simulations are then conducted while changing the 
pertinent building factors in a factorial manner to understand the synergistic effect of 
combined building factor alteration.  The results are analyzed using a contaminant 
contamination ratio which compares the mass of contaminant that remains in the building 
(for each particular case) divided by the mass of contaminant that would enter under 
baseline infiltration and ventilation rates with no filtration.  The numerator for this ratio is 
a summation of contaminant removal from: AHU filtration, envelope capture, interior 
surface deposition (for conditioned and unconditioned spaces), and ductwork deposition.  
The denominator for this ratio is a summation of mass flow from unfiltered building 
infiltration and ventilation.  This value is calculated by: 
 𝐶𝐶𝐶𝐶𝐶𝐶𝜕𝜕𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝜕𝜕𝐶𝐶𝐶𝐶𝐶𝐶 𝑅𝑅𝑎𝑎𝜕𝜕𝐶𝐶𝐶𝐶 = ∫ [(𝐶𝐶𝑂𝑂−𝐶𝐶𝐼𝐼)𝑃𝑃𝜆𝜆𝑉𝑉+𝐶𝐶𝑂𝑂𝑃𝑃𝐻𝐻𝜆𝜆𝐻𝐻+𝛽𝛽𝑆𝑆1+𝛽𝛽𝑆𝑆2+𝑄𝑄𝐷𝐷𝜂𝜂𝐷𝐷 ]𝑏𝑏𝑎𝑎
∫ [(𝐶𝐶𝑂𝑂−𝐶𝐶𝐼𝐼)𝜆𝜆𝑉𝑉𝑉𝑉 +𝐶𝐶𝑂𝑂𝜆𝜆𝐻𝐻𝑉𝑉 ]𝑏𝑏𝑎𝑎 , (6) 
where: 
Low Base High Units Description Source  
- 12 100 % Air handler OA percentage ASHRAE 62.1 
0 .1 0.5 ratio Envelope filtration factor Liu, 2001 
- 6 11 MERV AHU supply-side filter efficiency ASHRAE 62.1 
2 5 8 cm2/m2 Exterior envelope leakage area Emmerich, 2005 
7.5E-5 3.0E-4 4.0E-4 m/s Surface deposition velocity (fan on) Howard-Reed et al., 2003 
2.0E-5 6.0E-5 3.0E-4 m/s Surface deposition velocity (fan off) Howard-Reed et al., 2003 
8.0E-4 8.0E-3 8.0E-2 ratio Equivalent duct/filter efficiency Sippola, 2002 
- 2.6 7.8 m/s Wind speed NOAA, 2011 
-2.8 11 25 °C Average temperatures NOAA, 2011 
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a = simulation start time (s) 
b = simulation stop time (s) CI = indoor/zone particle concentration at time t (kg/m3) CO = outdoor particle concentration at time t (kg/m3) QD = contaminant mass flow through ductwork at time t (kg/s) P = envelope filtration efficiency (no units) PH = AHU filtration efficiency (no units) 
λV = air exchange rate due to infiltration (m3/s) 
λH = air exchange rate through AHU (m3/s) 
λVB = baseline case airflow rate due to infiltration (m3/s) 
λHB = baseline case airflow rate through AHU (m3/s) 
βS1 = deposition loss rate in conditioned interior space (kg/s) 
βS2 = deposition loss rate in unconditioned interior space (kg/s) 
ηD = ductwork deposition equivalent filter efficiency (no units) 
The simulations also yield total removed contaminant mass as a function of removal 
mechanism.  For example, each filter or sink in the model collects a particular mass of 
contaminant. 
 
The denominator for this equation is constant for every simulation, and is the amount of 
contaminant introduced into the building under the baseline conditions in Table 4 (for 
when the AHUs are on and at 12 % OA).  Again, filtration of ventilation and infiltration 
are not included in calculating this denominator, and the denominator is meant to capture 
the total mass the building encounters during simulation.  The purpose behind this 
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denominator is to normalize all of the data across all of the simulations (both AHUs off 
and AHUs on).  Another potential means of comparison could be a retention ratio, where 
instead the denominator would be the unfiltered ventilation and infiltration of each 
simulation, instead of the AHUs on baseline simulation and values.  However, it is 
believed that a contamination ratio can help to draw strong conclusions about the range of 
building factors across both of the simulation cases.  If a retention ratio was used instead, 
the effects of building factor ranges may be less pronounced. 
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3. RESULTS AND DISCUSSION 
The results in this chapter are organized by simulation case.  The results for the AHU off 
case are presented first, and the AHU on case is presented last.  Each case summarizes 
both the cumulative fate of contamination as well as the fate of contamination by removal 
mechanism (see Figure 7 and Figure 11).  Additionally, a way-one sensitivity analysis for 
each case ranks the importance of the proposed pertinent building factors (see Figure 8 
and Figure 12). 
3.1. Cumulative Airflow 
From the mass balance equation, (Equation 2) the main method of transport for 1 µm 
particles is airflow.  Cumulative cross-envelope airflow are thus calculated and tabulated 
below as a function of building elevation (Table 5) under baseline conditions in each 
case.  Understanding the cumulative flows across the envelope as a function of relative 
elevation is important for drawing conclusions to mass transport in a building.   Figure 5 
is a graphical depiction of Table 5 to emphasize both the magnitude of airflow as well as 
direction of airflow.  Figure 5 demonstrates that when the AHUs are off, weather and 
stack effects have a large influence on building envelope airflow (lower floors impacted 
by infiltration and upper floors impacted by exfiltration).  Alternatively, when the AHUs 
are on, building envelope airflow is dominated by mechanical pressurization (except for 
the loading dock and lobby).   
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Table 5. Cumulative Airflows Through Envelope Elements 
 
 
 
Figure 5.Cumulative Airflow Direction and Magnitude (AHU Off, AHU On) 
This means that the main method of contaminant introduction into the building for the 
AHU on case would be through the AHU intake, while the main method of introduction 
for the AHU off case would be through infiltration. 
Airflow Element (Elevation in meters) AHU Off Flow (m3/s) AHU On Flow (m3/s) 
First floor low (0.0) -0.108 0.140 
First floor middle (4.5) -0.076 0.151 
First floor high (9.0) -0.034 0.159 
First floor plenum (11.0) 0.008 0.190 
Second floor low (13.0) -0.016 0.164 
Second floor middle (17.5) -0.040 0.173 
Second floor high (22.0) 0.040 0.180 
Second floor plenum (24.0) 0.080 0.240 
Third floor low (26.0) -0.040 0.187 
Third floor middle (30.5) 0.040 0.200 
Third floor high (35.0) 0.080 0.210 
Third floor plenum (37.0) 0.084 0.250 
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3.2. AHU Off Case 
When the AHUs are off, the building is not pressurized by the mechanical systems.  This 
means that the building is affected most by weather and stack effects.   
 
Figure 6.Contaminant Concentrations for AHU Off Case 
Figure 6 depicts the dynamic contaminant concentrations from the general office spaces, 
loading dock, and lobby (typically occupied zones) under baseline conditions for the 
AHU off case.  Airflow patterns in Figure 5show that cumulative infiltration decreases 
with elevation.  This could explain why the concentration level on the first floor space is 
higher than the second floor, which in turn is higher than the third floor, since infiltration 
is the only method of contaminant introduction for this case.  A possible explanation for 
the lobby and loading dock zones having the highest peak concentrations (respectively) is 
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the fact that in addition to overall building leakage airflow paths, these two zones have 
unique leakage elements due to large doorways for entering each of the zones from the 
exterior.  The lobby having the highest peak concentration is supported by the fact that it 
is located along the windward wall, while the loading dock is located on the leeward wall 
of the building; therefore, being exposed to higher levels of contamination.  The highest 
outdoor contaminant concentration value reaches2e-7 kg/m3, which is one order of 
magnitude higher than the peak value of the indoor contaminant concentrations. 
3.2.1. AHU Off – Fate of Contamination Across Factorial Cases 
When the contamination ratio equation is used for the AHU off case, numerator terms 
related to AHU operation (duct deposition, supply-side filtering) and conditioning 
(surface deposition in conditioned zones) are negated, resulting in the following equation: 
 𝐶𝐶𝐶𝐶𝐶𝐶𝜕𝜕𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝜕𝜕𝐶𝐶𝐶𝐶𝐶𝐶 𝑅𝑅𝑎𝑎𝜕𝜕𝐶𝐶𝐶𝐶 (𝐴𝐴𝐻𝐻𝑈𝑈 𝑂𝑂𝑂𝑂𝑂𝑂) = ∫ [(𝐶𝐶𝑂𝑂−𝐶𝐶𝐼𝐼)𝑃𝑃𝜆𝜆𝑉𝑉+𝛽𝛽𝑆𝑆2]𝑏𝑏𝑎𝑎
∫ [(𝐶𝐶𝑂𝑂−𝐶𝐶𝐼𝐼)𝜆𝜆𝑉𝑉𝑉𝑉 +𝐶𝐶𝑂𝑂𝜆𝜆𝐻𝐻𝑉𝑉 ]𝑏𝑏𝑎𝑎 . (7) 
The denominator is evaluated to be 3.4x10-4 kg.  Again, the denominator for this case 
comes from total contaminant mass expected to cross the building envelope unhindered 
and pass through an unfiltered AHU under the baseline conditions, as described in section 
2.2.  The contamination ratio is calculated for the AHU off simulations, and key cases are 
reported in Figure 7.  The purpose of this figure is to show not only cumulative 
contamination ratios by simulation, but also the breakdown of cumulative retention by 
removal mechanism (for the AHU off case either envelope filtration or surface 
deposition). 
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Figure 7.Cumulative Contamination Ratio by Removal for AHU Off Case 
For Figure 7, the x-axis represents the simulation scenario, and the y-axis represents the 
contamination ratio.  The figure summarizes: 
1) AHU off baseline (referred to as Baseline)contamination ratio 
2) Contamination ratio for single, pertinent factor alterations from the baseline 
3) Overall minimum contamination ratio 
4) Overall maximum contamination ratio 
5) Minimum contamination ratio weather case 
6) Maximum contamination ratio weather case 
The overall minimum and overall maximum contamination ratios refer to the minimum 
and maximum ratios respectively for all simulations in the case.  Of the six weather 
conditions simulated, the weather condition returning the lowest (minimum 
contamination ratio weather case) contamination ratio and the weather condition 
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returning the highest contamination ratio (maximum contamination ratio weather case) 
are reported.  The breakdown of contamination ratios in Figure 7 is given in Table 6.  The 
first column is the simulation scenario.  The second and third columns report 
contamination ratio by removal mechanism, and the fourth column is the summation of 
those removal mechanisms, or total cumulative contamination ratio.  The table and figure 
shown here show key cases, but all cases are reported in Appendix A and Appendix B. 
Table 6. Cumulative Contamination Ratio by Removal for AHU Off Case 
 
This data suggests that when the AHUs are off, surface deposition is the most significant 
removal mechanism, followed by envelope filtration.  Additionally, hot and calm weather 
results in the minimum overall contamination ratio weather case, while cold and windy 
results in the maximum overall contamination ratio weather case.  The baseline 
contamination ratio for the AHU off case is 0.19, with a minimum overall of 0.02 and 
maximum overall of 0.49. 
3.2.2. AHU Off – Sensitivity of Model to Parameters 
Understanding the sensitivity of the contamination ratio to the alteration in pertinent 
building factor values provides insight on which parameters can be altered to either 
Simulation Name Surface Deposition Envelope Filtration Total 
Overall Minimum 0.02 0.00 0.02 
Hot and Calm Weather 0.05 0.01 0.05 
Low Envelope Leakage 0.09 0.02 0.10 
Low Deposition 0.08 0.05 0.13 
Low Envelope Filtration 0.17 0.00 0.17 
Baseline 0.15 0.04 0.19 
Cold and Windy Weather 0.16 0.05 0.21 
High Envelope Leakage 0.19 0.07 0.26 
High Envelope Filtration 0.08 0.19 0.27 
High Deposition 0.24 0.03 0.27 
Overall Maximum 0.21 0.28 0.49 
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increase or decrease the contamination ratio.  Since contamination ratio directly relates to 
a particular mass of contaminant, conclusions can be drawn about how alterations in 
pertinent building factors can reduce overall contamination. 
 
To understand how contamination ratio relates to high and low values for pertinent 
building factors, a one-way sensitivity analysis is used.  One at a time, pertinent building 
factors are altered between high and low settings and contamination ratio is calculated.  
Disregarding AHU related pertinent building factors, the pertinent building factors when 
the AHUs are off include: weather, envelope leakage, surface deposition, and envelope 
filtration.  Figure 8 (below) depicts the one-way sensitivity analysis using a tornado chart 
format. 
 
Figure 8. Sensitivity of Contamination Ratio to Building Factors for AHU Off Case 
The x-axis for this figure is contamination ratio and the y-axis for the figure lists the 
pertinent building factors.  The advantage to tornado charts is their ability to organize the 
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pertinent building factors by increasing sensitivity of retention radio.  Based on the values 
in Table 3, it appears that contamination ratio is most sensitive to weather and least 
sensitive to envelope filtration for the AHU off case. 
3.3. AHU On Case 
Utilizing the AHU systems increases the complexity of mass balance within the building, 
as it now introduces removal mechanisms from AHU filters and ductwork deposition in, 
addition to surface deposition and envelope filtration.  Additionally, it alters the natural 
pressurizations of the building by introducing mechanically induced flow (refer to Figure 
5).It is expected that since the minimum outdoor air requirement is twelve percent of all 
supply air, peak concentrations in occupied zones should be no more than twelve percent 
of the outdoor air concentration for the 12 % outdoor air simulations.  While some zones 
will be negatively pressurized relative to the rest of the building (lobby and loading 
dock), these zones will most likely never reach peak concentrations higher than twelve 
percent of outdoor concentration because after the contamination passes into the building, 
the zone will be flushed by clean air.  Alternatively, peak concentrations in conditioned 
zones can theoretically reach outdoor contaminant levels for the 100 % outdoor air 
simulations. 
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Figure 9.Contaminant Concentrations for AHU On/12% OA Case 
Figure 9 depicts the dynamic contaminant concentrations from the general office spaces, 
loading dock, and lobby (typically occupied zones) under baseline conditions for the 
AHU on case.  Figure 9shows that when introducing the minimum percentage of outdoor 
air, the loading dock reaches the highest concentration levels in the building.  This could 
be attributed to its relatively small size, as well as the fact that it is negatively pressurized 
relative to the other zones.  The general office zones reach peak levels in between the 
loading dock and lobby levels, and are fairly similar in magnitude.  The peak zone 
concentrations (mean = 8.3x10-9 kg/m3, σ = 1.8x10-9kg/m3) are approximately one order 
of magnitude less than outdoor contaminant concentrations. 
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Figure 10.Contaminant Concentrations for AHU On/100% OA Case 
Figure 10 depicts the dynamic contaminant concentrations from the general office spaces, 
loading dock, and lobby (typically occupied zones) under baseline conditions for the 
AHU on case, with the only change being that the outdoor air percentage is set to 100 %.  
It can be seen from Figure 10 that each of the zones have similar peak concentrations 
(mean = 8.8x10-8kg/m3, σ = 5.3x10-9kg/m3).From the enlarged view of the peaks for the 
three office spaces, it can be seen that the first and second floor peak concentrations 
follow the same curve, while the third floor office space is slightly lower.  The first and 
second floor office zones have the highest building concentration, peaking at 
approximately half (1x10-7 kg/m3) of the outdoor contamination level (2x10-
0
1E-08
2E-08
3E-08
4E-08
5E-08
6E-08
7E-08
8E-08
9E-08
0.000000
C
on
ce
nt
ra
tio
n 
(k
g/
m
3)
Simulation Time (Hours)
First Floor Office Space Second Floor Office Space Third Floor Office Space
Loading Dock Lobby
40 
 
 
7kg/m3).Figure 10 shows that the lobby and loading dock have the lowest peak 
concentrations for the 100% OA simulation.  However, the coefficient of variance for the 
five zones shown in Figure 10 is only 4%, as opposed to the coefficient of variance for 
the 12 % OA case which is 30%. 
3.3.1. AHU On – Fate of Contamination Across Factorial Cases 
When the contamination ratio equation is used for the AHU on case, all terms in the 
numerator are used since AHU related removal mechanisms are pertinent in the 
simulations.  Therefore the full equation from section 2.3 applies: 
 𝐶𝐶𝐶𝐶𝐶𝐶𝜕𝜕𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝜕𝜕𝐶𝐶𝐶𝐶𝐶𝐶 𝑅𝑅𝑎𝑎𝜕𝜕𝐶𝐶𝐶𝐶 (𝐴𝐴𝐻𝐻𝑈𝑈 𝑂𝑂𝐶𝐶) = ∫ [(𝐶𝐶𝑂𝑂−𝐶𝐶𝐼𝐼)𝑃𝑃𝜆𝜆𝑉𝑉+𝐶𝐶𝑂𝑂𝑃𝑃𝐻𝐻𝜆𝜆𝐻𝐻+𝛽𝛽𝑆𝑆1+𝛽𝛽𝑆𝑆2+𝑄𝑄𝐷𝐷𝜂𝜂𝐷𝐷 ]𝑏𝑏𝑎𝑎
∫ [(𝐶𝐶𝑂𝑂−𝐶𝐶𝐼𝐼)𝜆𝜆𝑉𝑉𝑉𝑉 +𝐶𝐶𝑂𝑂𝜆𝜆𝐻𝐻𝑉𝑉 ]𝑏𝑏𝑎𝑎 . (8) 
The contamination ratio is calculated for the AHU on simulations (the denominator is 
still 3.4x10-4 kg), and key cases are reported in Figure 11.  The purpose of this figure is 
the same as for the AHU off case, but incorporates two more removal mechanisms: duct 
deposition and supply-side filtration. 
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Figure 11.Cumulative Contamination Ratio by Removal for AHU On Case 
Table 7. Cumulative Contamination Ratio by Removal for AHU On Case 
 
The data summarized in Table 7suggests that when the AHUs are on, the most important 
removal mechanisms are surface deposition and supply-side filtration (duct deposition 
and envelope filtration are relatively insignificant).Like the AHU off case, hot and calm 
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Simulation Name Surface 
Deposition 
AHU 
Filtration 
Duct 
Deposition 
Envelope 
Filtration 
Total 
Overall Minimum 0.16 0.30 0.00 0.00 0.42 
Low Deposition 0.16 0.31 0.00 0.06 0.48 
Hot and Calm Weather 0.16 0.58 0.02 0.02 0.70 
Low Envelope Leakage 0.16 0.58 0.02 0.02 0.70 
Low Envelope Filtration 0.16 0.63 0.02 0.00 0.73 
Baseline 0.16 0.62 0.02 0.04 0.76 
Cold and Windy Weather 0.16 0.63 0.02 0.04 0.76 
High Deposition 0.16 0.57 0.17 0.03 0.84 
High Filtration 0.52 0.39 0.01 0.03 0.85 
High Envelope Filtration 0.16 0.59 0.02 0.18 0.85 
High Envelope Leakage 0.16 0.71 0.02 0.07 0.86 
Maximum OA Percentage 1.50 1.68 0.06 0.08 2.97 
Overall Maximum 4.72 1.14 0.35 0.37 5.90 
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weather is the minimum contamination ratio weather condition and cold and windy 
weather is the maximum contamination ratio weather condition.  Additionally, the 
baseline contamination ratio is 0.76, with an overall minimum of 0.42 and overall 
maximum of 5.90. 
3.3.2. AHU On– Sensitivity of Model to Parameters 
As with the AHU off cases, a one-way sensitivity was conducted for the AHU on cases.  
For these cases, the model is more complex and additional factors are included in the 
analysis as can be seen in Figure 12. 
 
 
Figure 12.Sensitivity of Contamination Ratio to Building Factors for AHU On Case 
From this analysis, it can be seen that the percentage of outdoor air has the greatest 
impact on the model.  When the outdoor air intake is set to maximum, it delivers the 
highest levels of contamination to the building.  Following OA percentage, the model is 
most sensitive to surface deposition values.  This means that for lower outdoor air 
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percentages, how deposition is defined could have a greater impact than AHU operation.  
For these cases, leakage and weather play relatively insignificant roles on overall 
building contamination. 
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4. CONCLUSIONS AND DISCUSSION 
Multi-zone airflow and contamination transport simulations were performed for a 
simplified medium office building to estimate the impacts of altering building factors on 
whole building contaminant entrainment for a generic particulate (1 µm)contaminant.   
Two models, namely, an AHU on model and an AHU off model, are developed for all 
simulation cases.  A constant outdoor contaminant concentration is assumed in this study.  
A baseline condition for all building factors is first defined and simulated.  Then, one or 
more building characteristics are altered from the baseline values and are simulated to 
calculate cumulative contamination ratio for the simulated contaminant.  Then the 
process was repeated until all permutations of the variables had been simulated, for a 
total of 810 simulations. 
 
It appears that the main division between the two models, or the factor that has the 
greatest impact on the results, would be how the AHU is operated.  If the AHU is on, the 
model shows sensitivities to factors in a certain pattern, which is not mimicked by the 
AHU off model.  The variation in contamination ratio for AHU operation in isolation 
ranges from 0.19 (Baseline for AHU Off case) to 2.97 (Maximum Outdoor Air for AHU 
On case).  For practical purposes, a building operator may turn off their AHUs in the 
event that they know a cloud of contamination is approaching, potentially decreasing 
their contamination by a factor of approximately 16.  For a more persistent contamination 
scenario, this factor could play a very significant role. 
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AHU filtration is an important factor while an AHU is being operated.  The impact of 
filtration appears to be more important than envelope filtration and duct deposition, and 
even rivals surface deposition with higher efficiencies.  If an AHU is operating at high 
OA percentages or with stringent filtration, the main removal mechanism appears to be 
filtration.  While the benefits of increasing filtration are highly visible here, it must be 
reiterated that it may not always be chosen simply for economic reasons. 
 
Envelope leakage is less easily altered than AHU filtration from a perspective of building 
operation.  For cases when the AHU is on, mechanical pressurizations dwarf the impacts 
of envelope leakage.  Alternatively, when the AHU is off envelope leakage appears to 
play as important a role as weather in overall indoor building contamination.  This means 
that a greater fraction of indoor building contamination travels through the envelope with 
the AHUs off.  If a building is not occupied, or not being conditioned, then ensuring low 
leakage values could help protect the building. 
 
For 1 µm particles, envelope filtration seems to play little to no role in overall mass 
entrainment.  The rationale behind this could be that this study assumes that anywhere 
from 50 % - 100 % of all micron particles will pass through the building envelope.  If 
more stringent impaction rates were used, perhaps penetration would play a more 
important role, especially for cases when leakage is the dominant method of mass 
transport (i.e. AHU off case). 
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Surface deposition (related to the interior surface composition of the building) plays a 
more significant role when an AHU is on as opposed to when it is off.  This could be 
attributed to the fact that higher deposition rates occur when airflow is mechanically 
induced as opposed to passively induced.  The total sensitivity to surface deposition has a 
range of 0.08 to 0.84, a factor of approximately 10.  This could translate to building 
design and material specification where designers could specify materials exhibiting 
lower deposition properties to create a less contaminated environment.  Deposition 
appears to be the main removal mechanism within the study, which may classify it as a 
high priority during building design. 
 
It appears that weather shares a strong correlation with envelope leakage: it plays an 
important role when the AHU is not operating and a less important role when the AHU is 
operating.  Similar to envelope leakage, weather becomes more of a driving factor when 
mechanical pressurizations are not present.  For all cases, conditions of hot and calm 
weather appear to decrease overall mass entrainment, while cold and windy weather 
appears to increase overall mass entrainment.  This might be justified by the fact that the 
average hot temperature is 25 °C (close to the indoor design temperature 20 °C) and with 
very slow wind speeds, the gradient between the indoor and outdoor environment would 
be relatively small.  Alternatively, the cold and windy case would create a more 
significant gradient, both thermally and convectively. 
 
The whole-building contamination modeling approach studied here has two distinct 
applications.  The first application is to understand cumulative contamination of a 
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building (disregarding human factors) for a release scenario.  This type of analysis could 
be used to understand which buildings may require triage or decontamination, translating 
to which buildings are acceptable for re-occupancy and use.  For example: buildings 
where the AHUs are at 100 % OA as opposed to 12 % OA during operation may take 
longer to decontaminate.  This translates to longer time required to clean the building 
before it can be re-occupied.   
 
With a little more extension, the second application of this modeling can use zone 
contaminant concentration levels to understand cumulative human exposures to 
contamination (through both cutaneous and respiratory absorption into the body).  In the 
event of a contaminant release, this type of analysis could be used to understand what 
percent of the population is at most risk (needing immediate medical attention if 
necessary), as well as what percent may need treatment or quarantine.  For example: it 
appears that indoor concentration levels are orders of magnitude greater when the AHUs 
are on as opposed to when they are off.  Therefore, occupants in a building with the 
AHUs on during contamination may require immediate medical attention.  This 
application could also be used in real-time to give orders to evacuate buildings or seek 
shelter-in-place.  For example: since concentration levels are on average lower when the 
AHUs are off, a shelter-in-place order could be issued during contamination.  Even 
though the results presented here could be used for this application, it is not the main 
intent of these simulations, since the simulations do not incorporate human factors for 
developing an extensive dose-response model. 
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It is very important to understand that the presented results and conclusions presented 
here are specific to the idealized models in this report, and it should not be assumed that 
these results can be directly applied to all medium office buildings.  Additionally, while 
this information provides general insight into factors impacting whole building 
contamination, buildings should be analyzed on a case by case basis for increased 
accuracy. 
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5. FUTURE WORK 
While the intent of this work is to be a comprehensive approach for a whole-building, 
variation of parameters simulation, there are definitive areas for improvement.  Some of 
these improvements can be characterized as alterations to the experimental setup, while 
others could be the factors considered in the model.  Apart from the general suggestions 
to follow, this approach should be extended to all commercial building types as described 
in CBECS (EIA, 2010). 
5.1. Experimental Setup 
The current experimental setup evaluates building factors of interest for anywhere from 
two to six values.  Ideally, a Monte-Carlo style simulation would create a more fully 
developed set of inputs, to create more than two to six values for each building factor.  
Even though the range of inputs are assumed to be sound in their assumptions, a 
developed distribution would provide insights in a scenario such as outdoor air 
percentages between 12% and 100%, to check if results are linearly correlated.  
Additionally, with the data available in Appendix A and Appendix B (retention rates by 
removal mechanism and cumulative for all simulations) a stronger statistical analysis 
should be conducted with the results to draw stronger conclusions about the pertinent 
building factors as well as properties like covariance. 
 
Another suggestion for improvement could be more accurate modeling of outdoor 
contaminants.  Appendix D and Appendix E offer suggestions on how to develop various 
plume models to be used in conjunction with indoor air quality simulations.  A well-
mixed, time constant concentration was used so that clear conclusions could be drawn 
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about building factors without incorporating plume effects; however, a more accurate 
plume model should be incorporated in future simulations to be more realistic.  
Additionally, non-steady weather conditions should also be used in conjunction. 
5.2. Factors for Consideration 
In well-accepted mass balance equations, there are factors considered that are not 
included in these simulations.  However, for a more complete understanding, these 
factors should be included.  Some of these include human factors, and some include 
contaminant evolution factors.  Human factors would include mechanisms such as 
tracking, resuspension, ingestion, and exhalation.  Contaminant evolution factors could 
include mechanisms like coagulation, hygroscopic growth, phase conversion, or 
generation. 
 
Apart from mass balance terms, other factors should be considered for future inclusion.  
For example, building rotation, combined with weather effects, could play a large role in 
building contamination but was beyond the scope of this evaluation.  Another factor that 
should be considered could be the location of unique zones.  The lobby and loading dock 
are located on opposite sides of the building for this simulation; future simulations could 
place them adjacent to each other, not include one, or include other zones of interest not 
discussed in the scope of this work. 
5.3. Application of Results 
The intent of this work is to understand how building factors impact whole-building 
contamination levels.  However, this study does not explicitly incorporate the results of 
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these simulations into either of the two applications previously discussed for this type of 
work.  Future work could develop a decision-making framework for both types of 
applications which would incorporate human factors and thus dose-response modeling of 
the contaminant.  By developing a decision-making framework, the results from these 
types of simulations could directly inform decision-makers and aid in the development of 
strategies and guidelines for outdoor, airborne release scenarios.  
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6. APPENDIX A 
This appendix compiles the contamination ratios (see Table 9) by removal mechanism 
(columns two through five) and then the total, or cumulative, contamination ratio in 
column six.  The first row describes the simulation run (.csm is simply the file extension 
of the results file).  The file name is an index of the pertinent building factor ranges used 
in each simulation.  The following data corresponds to simulations for when the AHUs 
are on.  The filename format is: 
𝐴𝐴𝐻𝐻𝑈𝑈𝑐𝑐𝑂𝑂𝐶𝐶_𝑎𝑎_𝑏𝑏_𝑐𝑐_𝑑𝑑_𝑒𝑒_𝑂𝑂. 𝑐𝑐𝑐𝑐𝐶𝐶, 
with the following file settings: 
Table 8. CSM File Index Explanation for AHU On Simulations 
Index location Building Factor 0 1 2 3 4 5 
a OA % Base High - - - - 
b Envelope Filtration Low Base High - - - 
c Outdoor Temp Cold Cold Mild Mild Hot Hot 
 Wind Speed Calm Windy Calm Windy Calm Windy 
d AHU Filter Base High  - - - 
e Envelope Leakage Low Base High - - - 
f Deposition Low Base High - - - 
 
The settings (low, base, high) for the building factors correspond with the values reported 
inTable 4. 
Table 9.Contamination Ratios For All AHU On Simulations 
Simulation Run 
AHU 
Filtration 
Surface 
Deposition 
Duct 
Deposition 
Envelope 
Filtration Total 
AHUsOn_0_0_0_0_0_0.csm 0.15 0.27 0.00 0.00 0.42 
AHUsOn_0_0_0_0_0_1.csm 0.15 0.52 0.02 0.00 0.68 
AHUsOn_0_0_0_0_0_2.csm 0.15 0.46 0.14 0.00 0.75 
AHUsOn_0_0_0_0_1_0.csm 0.15 0.27 0.00 0.00 0.42 
AHUsOn_0_0_0_0_1_1.csm 0.15 0.52 0.02 0.00 0.69 
AHUsOn_0_0_0_0_1_2.csm 0.15 0.47 0.14 0.00 0.76 
AHUsOn_0_0_0_0_2_0.csm 0.15 0.28 0.00 0.00 0.43 
AHUsOn_0_0_0_0_2_1.csm 0.15 0.54 0.02 0.00 0.71 
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AHUsOn_0_0_0_0_2_2.csm 0.15 0.49 0.15 0.00 0.79 
AHUsOn_0_0_0_1_0_0.csm 0.46 0.16 0.00 0.00 0.62 
AHUsOn_0_0_0_1_0_1.csm 0.46 0.30 0.01 0.00 0.77 
AHUsOn_0_0_0_1_0_2.csm 0.46 0.27 0.08 0.00 0.81 
AHUsOn_0_0_0_1_1_0.csm 0.46 0.16 0.00 0.00 0.62 
AHUsOn_0_0_0_1_1_1.csm 0.46 0.30 0.01 0.00 0.78 
AHUsOn_0_0_0_1_1_2.csm 0.46 0.27 0.08 0.00 0.82 
AHUsOn_0_0_0_1_2_0.csm 0.46 0.17 0.00 0.00 0.63 
AHUsOn_0_0_0_1_2_1.csm 0.46 0.33 0.01 0.00 0.80 
AHUsOn_0_0_0_1_2_2.csm 0.46 0.30 0.09 0.00 0.85 
AHUsOn_0_0_1_0_0_0.csm 0.15 0.27 0.00 0.00 0.42 
AHUsOn_0_0_1_0_0_1.csm 0.15 0.52 0.02 0.00 0.68 
AHUsOn_0_0_1_0_0_2.csm 0.15 0.46 0.14 0.00 0.75 
AHUsOn_0_0_1_0_1_0.csm 0.15 0.28 0.00 0.00 0.43 
AHUsOn_0_0_1_0_1_1.csm 0.15 0.57 0.02 0.00 0.74 
AHUsOn_0_0_1_0_1_2.csm 0.15 0.52 0.15 0.00 0.82 
AHUsOn_0_0_1_0_2_0.csm 0.15 0.30 0.00 0.00 0.45 
AHUsOn_0_0_1_0_2_1.csm 0.15 0.66 0.02 0.00 0.83 
AHUsOn_0_0_1_0_2_2.csm 0.15 0.62 0.17 0.00 0.94 
AHUsOn_0_0_1_1_0_0.csm 0.46 0.16 0.00 0.00 0.62 
AHUsOn_0_0_1_1_0_1.csm 0.46 0.30 0.01 0.00 0.77 
AHUsOn_0_0_1_1_0_2.csm 0.46 0.27 0.08 0.00 0.81 
AHUsOn_0_0_1_1_1_0.csm 0.46 0.18 0.00 0.00 0.64 
AHUsOn_0_0_1_1_1_1.csm 0.46 0.36 0.01 0.00 0.84 
AHUsOn_0_0_1_1_1_2.csm 0.46 0.33 0.10 0.00 0.89 
AHUsOn_0_0_1_1_2_0.csm 0.46 0.21 0.00 0.00 0.68 
AHUsOn_0_0_1_1_2_1.csm 0.46 0.46 0.02 0.00 0.94 
AHUsOn_0_0_1_1_2_2.csm 0.46 0.44 0.12 0.00 1.01 
AHUsOn_0_0_2_0_0_0.csm 0.15 0.27 0.00 0.00 0.43 
AHUsOn_0_0_2_0_0_1.csm 0.15 0.52 0.02 0.00 0.69 
AHUsOn_0_0_2_0_0_2.csm 0.15 0.46 0.14 0.00 0.75 
AHUsOn_0_0_2_0_1_0.csm 0.15 0.27 0.00 0.00 0.42 
AHUsOn_0_0_2_0_1_1.csm 0.15 0.52 0.02 0.00 0.69 
AHUsOn_0_0_2_0_1_2.csm 0.15 0.47 0.14 0.00 0.75 
AHUsOn_0_0_2_0_2_0.csm 0.15 0.27 0.00 0.00 0.42 
AHUsOn_0_0_2_0_2_1.csm 0.15 0.53 0.02 0.00 0.69 
AHUsOn_0_0_2_0_2_2.csm 0.15 0.47 0.14 0.00 0.76 
AHUsOn_0_0_2_1_0_0.csm 0.46 0.16 0.00 0.00 0.62 
AHUsOn_0_0_2_1_0_1.csm 0.46 0.30 0.01 0.00 0.77 
AHUsOn_0_0_2_1_0_2.csm 0.46 0.27 0.08 0.00 0.81 
AHUsOn_0_0_2_1_1_0.csm 0.46 0.16 0.00 0.00 0.62 
AHUsOn_0_0_2_1_1_1.csm 0.46 0.30 0.01 0.00 0.77 
AHUsOn_0_0_2_1_1_2.csm 0.46 0.27 0.08 0.00 0.81 
AHUsOn_0_0_2_1_2_0.csm 0.46 0.16 0.00 0.00 0.62 
AHUsOn_0_0_2_1_2_1.csm 0.46 0.31 0.01 0.00 0.78 
AHUsOn_0_0_2_1_2_2.csm 0.46 0.27 0.08 0.00 0.82 
AHUsOn_0_0_3_0_0_0.csm 0.15 0.27 0.00 0.00 0.42 
AHUsOn_0_0_3_0_0_1.csm 0.15 0.52 0.02 0.00 0.68 
AHUsOn_0_0_3_0_0_2.csm 0.15 0.46 0.14 0.00 0.75 
AHUsOn_0_0_3_0_1_0.csm 0.15 0.28 0.00 0.00 0.43 
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AHUsOn_0_0_3_0_1_1.csm 0.15 0.57 0.02 0.00 0.73 
AHUsOn_0_0_3_0_1_2.csm 0.15 0.52 0.15 0.00 0.82 
AHUsOn_0_0_3_0_2_0.csm 0.15 0.30 0.00 0.00 0.45 
AHUsOn_0_0_3_0_2_1.csm 0.15 0.65 0.02 0.00 0.82 
AHUsOn_0_0_3_0_2_2.csm 0.15 0.61 0.17 0.00 0.93 
AHUsOn_0_0_3_1_0_0.csm 0.46 0.16 0.00 0.00 0.62 
AHUsOn_0_0_3_1_0_1.csm 0.46 0.30 0.01 0.00 0.77 
AHUsOn_0_0_3_1_0_2.csm 0.46 0.27 0.08 0.00 0.81 
AHUsOn_0_0_3_1_1_0.csm 0.46 0.18 0.00 0.00 0.64 
AHUsOn_0_0_3_1_1_1.csm 0.46 0.36 0.01 0.00 0.83 
AHUsOn_0_0_3_1_1_2.csm 0.46 0.33 0.09 0.00 0.89 
AHUsOn_0_0_3_1_2_0.csm 0.46 0.21 0.00 0.00 0.68 
AHUsOn_0_0_3_1_2_1.csm 0.46 0.46 0.01 0.00 0.93 
AHUsOn_0_0_3_1_2_2.csm 0.46 0.43 0.12 0.00 1.01 
AHUsOn_0_0_4_0_0_0.csm 0.15 0.27 0.00 0.00 0.42 
AHUsOn_0_0_4_0_0_1.csm 0.15 0.52 0.02 0.00 0.68 
AHUsOn_0_0_4_0_0_2.csm 0.15 0.46 0.14 0.00 0.75 
AHUsOn_0_0_4_0_1_0.csm 0.15 0.27 0.00 0.00 0.42 
AHUsOn_0_0_4_0_1_1.csm 0.15 0.52 0.02 0.00 0.68 
AHUsOn_0_0_4_0_1_2.csm 0.15 0.46 0.14 0.00 0.75 
AHUsOn_0_0_4_0_2_0.csm 0.15 0.27 0.00 0.00 0.42 
AHUsOn_0_0_4_0_2_1.csm 0.15 0.52 0.02 0.00 0.68 
AHUsOn_0_0_4_0_2_2.csm 0.15 0.46 0.14 0.00 0.75 
AHUsOn_0_0_4_1_0_0.csm 0.46 0.16 0.00 0.00 0.62 
AHUsOn_0_0_4_1_0_1.csm 0.46 0.30 0.01 0.00 0.77 
AHUsOn_0_0_4_1_0_2.csm 0.46 0.27 0.08 0.00 0.81 
AHUsOn_0_0_4_1_1_0.csm 0.46 0.16 0.00 0.00 0.62 
AHUsOn_0_0_4_1_1_1.csm 0.46 0.30 0.01 0.00 0.77 
AHUsOn_0_0_4_1_1_2.csm 0.46 0.27 0.08 0.00 0.81 
AHUsOn_0_0_4_1_2_0.csm 0.46 0.16 0.00 0.00 0.62 
AHUsOn_0_0_4_1_2_1.csm 0.46 0.30 0.01 0.00 0.77 
AHUsOn_0_0_4_1_2_2.csm 0.46 0.27 0.08 0.00 0.81 
AHUsOn_0_0_5_0_0_0.csm 0.15 0.27 0.00 0.00 0.42 
AHUsOn_0_0_5_0_0_1.csm 0.15 0.52 0.02 0.00 0.69 
AHUsOn_0_0_5_0_0_2.csm 0.15 0.46 0.14 0.00 0.75 
AHUsOn_0_0_5_0_1_0.csm 0.15 0.28 0.00 0.00 0.43 
AHUsOn_0_0_5_0_1_1.csm 0.15 0.56 0.02 0.00 0.73 
AHUsOn_0_0_5_0_1_2.csm 0.15 0.51 0.15 0.00 0.81 
AHUsOn_0_0_5_0_2_0.csm 0.15 0.30 0.00 0.00 0.45 
AHUsOn_0_0_5_0_2_1.csm 0.15 0.65 0.02 0.00 0.82 
AHUsOn_0_0_5_0_2_2.csm 0.15 0.61 0.17 0.00 0.93 
AHUsOn_0_0_5_1_0_0.csm 0.46 0.16 0.00 0.00 0.62 
AHUsOn_0_0_5_1_0_1.csm 0.46 0.30 0.01 0.00 0.77 
AHUsOn_0_0_5_1_0_2.csm 0.46 0.27 0.08 0.00 0.81 
AHUsOn_0_0_5_1_1_0.csm 0.46 0.17 0.00 0.00 0.64 
AHUsOn_0_0_5_1_1_1.csm 0.46 0.35 0.01 0.00 0.83 
AHUsOn_0_0_5_1_1_2.csm 0.46 0.32 0.09 0.00 0.88 
AHUsOn_0_0_5_1_2_0.csm 0.46 0.21 0.00 0.00 0.67 
AHUsOn_0_0_5_1_2_1.csm 0.46 0.45 0.01 0.00 0.93 
AHUsOn_0_0_5_1_2_2.csm 0.46 0.42 0.11 0.00 1.00 
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AHUsOn_0_1_0_0_0_0.csm 0.15 0.27 0.00 0.04 0.46 
AHUsOn_0_1_0_0_0_1.csm 0.15 0.52 0.02 0.02 0.70 
AHUsOn_0_1_0_0_0_2.csm 0.15 0.46 0.14 0.01 0.76 
AHUsOn_0_1_0_0_1_0.csm 0.15 0.27 0.00 0.04 0.46 
AHUsOn_0_1_0_0_1_1.csm 0.15 0.52 0.02 0.02 0.71 
AHUsOn_0_1_0_0_1_2.csm 0.15 0.47 0.14 0.01 0.77 
AHUsOn_0_1_0_0_2_0.csm 0.15 0.28 0.00 0.04 0.47 
AHUsOn_0_1_0_0_2_1.csm 0.15 0.54 0.02 0.02 0.73 
AHUsOn_0_1_0_0_2_2.csm 0.15 0.49 0.15 0.02 0.80 
AHUsOn_0_1_0_1_0_0.csm 0.46 0.16 0.00 0.02 0.64 
AHUsOn_0_1_0_1_0_1.csm 0.46 0.30 0.01 0.01 0.78 
AHUsOn_0_1_0_1_0_2.csm 0.46 0.27 0.08 0.01 0.82 
AHUsOn_0_1_0_1_1_0.csm 0.46 0.16 0.00 0.02 0.65 
AHUsOn_0_1_0_1_1_1.csm 0.46 0.30 0.01 0.01 0.79 
AHUsOn_0_1_0_1_1_2.csm 0.46 0.27 0.08 0.01 0.82 
AHUsOn_0_1_0_1_2_0.csm 0.46 0.17 0.00 0.03 0.66 
AHUsOn_0_1_0_1_2_1.csm 0.46 0.32 0.01 0.02 0.81 
AHUsOn_0_1_0_1_2_2.csm 0.46 0.29 0.09 0.01 0.86 
AHUsOn_0_1_1_0_0_0.csm 0.15 0.27 0.00 0.04 0.46 
AHUsOn_0_1_1_0_0_1.csm 0.15 0.52 0.02 0.02 0.70 
AHUsOn_0_1_1_0_0_2.csm 0.15 0.46 0.14 0.01 0.76 
AHUsOn_0_1_1_0_1_0.csm 0.15 0.28 0.00 0.06 0.48 
AHUsOn_0_1_1_0_1_1.csm 0.15 0.56 0.02 0.03 0.76 
AHUsOn_0_1_1_0_1_2.csm 0.15 0.51 0.15 0.03 0.84 
AHUsOn_0_1_1_0_2_0.csm 0.15 0.29 0.00 0.09 0.54 
AHUsOn_0_1_1_0_2_1.csm 0.15 0.64 0.02 0.06 0.87 
AHUsOn_0_1_1_0_2_2.csm 0.15 0.60 0.17 0.05 0.97 
AHUsOn_0_1_1_1_0_0.csm 0.46 0.16 0.00 0.02 0.64 
AHUsOn_0_1_1_1_0_1.csm 0.46 0.30 0.01 0.01 0.78 
AHUsOn_0_1_1_1_0_2.csm 0.46 0.27 0.08 0.01 0.82 
AHUsOn_0_1_1_1_1_0.csm 0.46 0.17 0.00 0.04 0.68 
AHUsOn_0_1_1_1_1_1.csm 0.46 0.35 0.01 0.02 0.85 
AHUsOn_0_1_1_1_1_2.csm 0.46 0.32 0.09 0.02 0.90 
AHUsOn_0_1_1_1_2_0.csm 0.46 0.20 0.00 0.07 0.74 
AHUsOn_0_1_1_1_2_1.csm 0.46 0.44 0.01 0.05 0.97 
AHUsOn_0_1_1_1_2_2.csm 0.46 0.42 0.11 0.05 1.04 
AHUsOn_0_1_2_0_0_0.csm 0.15 0.27 0.00 0.04 0.46 
AHUsOn_0_1_2_0_0_1.csm 0.15 0.52 0.02 0.02 0.70 
AHUsOn_0_1_2_0_0_2.csm 0.15 0.46 0.14 0.01 0.77 
AHUsOn_0_1_2_0_1_0.csm 0.15 0.27 0.00 0.04 0.46 
AHUsOn_0_1_2_0_1_1.csm 0.15 0.52 0.02 0.02 0.70 
AHUsOn_0_1_2_0_1_2.csm 0.15 0.47 0.14 0.01 0.77 
AHUsOn_0_1_2_0_2_0.csm 0.15 0.27 0.00 0.04 0.46 
AHUsOn_0_1_2_0_2_1.csm 0.15 0.52 0.02 0.02 0.71 
AHUsOn_0_1_2_0_2_2.csm 0.15 0.47 0.14 0.01 0.77 
AHUsOn_0_1_2_1_0_0.csm 0.46 0.16 0.00 0.02 0.64 
AHUsOn_0_1_2_1_0_1.csm 0.46 0.30 0.01 0.01 0.78 
AHUsOn_0_1_2_1_0_2.csm 0.46 0.27 0.08 0.01 0.82 
AHUsOn_0_1_2_1_1_0.csm 0.46 0.16 0.00 0.02 0.64 
AHUsOn_0_1_2_1_1_1.csm 0.46 0.30 0.01 0.01 0.78 
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AHUsOn_0_1_2_1_1_2.csm 0.46 0.27 0.08 0.01 0.82 
AHUsOn_0_1_2_1_2_0.csm 0.46 0.16 0.00 0.02 0.65 
AHUsOn_0_1_2_1_2_1.csm 0.46 0.30 0.01 0.01 0.79 
AHUsOn_0_1_2_1_2_2.csm 0.46 0.27 0.08 0.01 0.83 
AHUsOn_0_1_3_0_0_0.csm 0.15 0.27 0.00 0.04 0.46 
AHUsOn_0_1_3_0_0_1.csm 0.15 0.52 0.02 0.02 0.70 
AHUsOn_0_1_3_0_0_2.csm 0.15 0.46 0.14 0.01 0.76 
AHUsOn_0_1_3_0_1_0.csm 0.15 0.28 0.00 0.06 0.48 
AHUsOn_0_1_3_0_1_1.csm 0.15 0.56 0.02 0.03 0.76 
AHUsOn_0_1_3_0_1_2.csm 0.15 0.51 0.15 0.03 0.84 
AHUsOn_0_1_3_0_2_0.csm 0.15 0.29 0.00 0.09 0.53 
AHUsOn_0_1_3_0_2_1.csm 0.15 0.63 0.02 0.06 0.86 
AHUsOn_0_1_3_0_2_2.csm 0.15 0.60 0.17 0.05 0.96 
AHUsOn_0_1_3_1_0_0.csm 0.46 0.16 0.00 0.02 0.64 
AHUsOn_0_1_3_1_0_1.csm 0.46 0.30 0.01 0.01 0.78 
AHUsOn_0_1_3_1_0_2.csm 0.46 0.27 0.08 0.01 0.82 
AHUsOn_0_1_3_1_1_0.csm 0.46 0.17 0.00 0.04 0.68 
AHUsOn_0_1_3_1_1_1.csm 0.46 0.35 0.01 0.02 0.85 
AHUsOn_0_1_3_1_1_2.csm 0.46 0.32 0.09 0.02 0.90 
AHUsOn_0_1_3_1_2_0.csm 0.46 0.20 0.00 0.07 0.74 
AHUsOn_0_1_3_1_2_1.csm 0.46 0.44 0.01 0.05 0.97 
AHUsOn_0_1_3_1_2_2.csm 0.46 0.41 0.11 0.04 1.03 
AHUsOn_0_1_4_0_0_0.csm 0.15 0.27 0.00 0.04 0.46 
AHUsOn_0_1_4_0_0_1.csm 0.15 0.52 0.02 0.02 0.70 
AHUsOn_0_1_4_0_0_2.csm 0.15 0.46 0.14 0.01 0.76 
AHUsOn_0_1_4_0_1_0.csm 0.15 0.27 0.00 0.04 0.46 
AHUsOn_0_1_4_0_1_1.csm 0.15 0.52 0.02 0.02 0.70 
AHUsOn_0_1_4_0_1_2.csm 0.15 0.46 0.14 0.01 0.76 
AHUsOn_0_1_4_0_2_0.csm 0.15 0.27 0.00 0.04 0.46 
AHUsOn_0_1_4_0_2_1.csm 0.15 0.52 0.02 0.02 0.70 
AHUsOn_0_1_4_0_2_2.csm 0.15 0.46 0.14 0.01 0.77 
AHUsOn_0_1_4_1_0_0.csm 0.46 0.16 0.00 0.02 0.64 
AHUsOn_0_1_4_1_0_1.csm 0.46 0.30 0.01 0.01 0.78 
AHUsOn_0_1_4_1_0_2.csm 0.46 0.27 0.08 0.01 0.82 
AHUsOn_0_1_4_1_1_0.csm 0.46 0.16 0.00 0.02 0.64 
AHUsOn_0_1_4_1_1_1.csm 0.46 0.30 0.01 0.01 0.78 
AHUsOn_0_1_4_1_1_2.csm 0.46 0.27 0.08 0.01 0.82 
AHUsOn_0_1_4_1_2_0.csm 0.46 0.16 0.00 0.02 0.64 
AHUsOn_0_1_4_1_2_1.csm 0.46 0.30 0.01 0.01 0.78 
AHUsOn_0_1_4_1_2_2.csm 0.46 0.27 0.08 0.01 0.82 
AHUsOn_0_1_5_0_0_0.csm 0.15 0.27 0.00 0.04 0.46 
AHUsOn_0_1_5_0_0_1.csm 0.15 0.52 0.02 0.02 0.70 
AHUsOn_0_1_5_0_0_2.csm 0.15 0.46 0.14 0.01 0.77 
AHUsOn_0_1_5_0_1_0.csm 0.15 0.28 0.00 0.05 0.48 
AHUsOn_0_1_5_0_1_1.csm 0.15 0.56 0.02 0.03 0.75 
AHUsOn_0_1_5_0_1_2.csm 0.15 0.51 0.15 0.02 0.83 
AHUsOn_0_1_5_0_2_0.csm 0.15 0.29 0.00 0.09 0.53 
AHUsOn_0_1_5_0_2_1.csm 0.15 0.63 0.02 0.06 0.86 
AHUsOn_0_1_5_0_2_2.csm 0.15 0.59 0.17 0.05 0.95 
AHUsOn_0_1_5_1_0_0.csm 0.46 0.16 0.00 0.02 0.64 
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AHUsOn_0_1_5_1_0_1.csm 0.46 0.30 0.01 0.01 0.78 
AHUsOn_0_1_5_1_0_2.csm 0.46 0.27 0.08 0.01 0.82 
AHUsOn_0_1_5_1_1_0.csm 0.46 0.17 0.00 0.04 0.67 
AHUsOn_0_1_5_1_1_1.csm 0.46 0.35 0.01 0.02 0.84 
AHUsOn_0_1_5_1_1_2.csm 0.46 0.32 0.09 0.02 0.89 
AHUsOn_0_1_5_1_2_0.csm 0.46 0.20 0.00 0.07 0.74 
AHUsOn_0_1_5_1_2_1.csm 0.46 0.43 0.01 0.05 0.96 
AHUsOn_0_1_5_1_2_2.csm 0.46 0.41 0.11 0.04 1.02 
AHUsOn_0_2_0_0_0_0.csm 0.15 0.27 0.00 0.18 0.61 
AHUsOn_0_2_0_0_0_1.csm 0.15 0.52 0.02 0.08 0.77 
AHUsOn_0_2_0_0_0_2.csm 0.15 0.46 0.14 0.06 0.81 
AHUsOn_0_2_0_0_1_0.csm 0.15 0.27 0.00 0.19 0.61 
AHUsOn_0_2_0_0_1_1.csm 0.15 0.52 0.02 0.09 0.77 
AHUsOn_0_2_0_0_1_2.csm 0.15 0.47 0.14 0.06 0.82 
AHUsOn_0_2_0_0_2_0.csm 0.15 0.27 0.00 0.22 0.64 
AHUsOn_0_2_0_0_2_1.csm 0.15 0.53 0.02 0.11 0.81 
AHUsOn_0_2_0_0_2_2.csm 0.15 0.48 0.14 0.08 0.85 
AHUsOn_0_2_0_1_0_0.csm 0.46 0.16 0.00 0.11 0.73 
AHUsOn_0_2_0_1_0_1.csm 0.46 0.30 0.01 0.05 0.82 
AHUsOn_0_2_0_1_0_2.csm 0.46 0.27 0.08 0.03 0.84 
AHUsOn_0_2_0_1_1_0.csm 0.46 0.16 0.00 0.11 0.73 
AHUsOn_0_2_0_1_1_1.csm 0.46 0.30 0.01 0.05 0.83 
AHUsOn_0_2_0_1_1_2.csm 0.46 0.27 0.08 0.04 0.85 
AHUsOn_0_2_0_1_2_0.csm 0.46 0.16 0.00 0.14 0.76 
AHUsOn_0_2_0_1_2_1.csm 0.46 0.31 0.01 0.08 0.86 
AHUsOn_0_2_0_1_2_2.csm 0.46 0.28 0.08 0.06 0.89 
AHUsOn_0_2_1_0_0_0.csm 0.15 0.27 0.00 0.18 0.61 
AHUsOn_0_2_1_0_0_1.csm 0.15 0.52 0.02 0.08 0.77 
AHUsOn_0_2_1_0_0_2.csm 0.15 0.46 0.14 0.06 0.81 
AHUsOn_0_2_1_0_1_0.csm 0.15 0.26 0.00 0.28 0.69 
AHUsOn_0_2_1_0_1_1.csm 0.15 0.53 0.02 0.16 0.86 
AHUsOn_0_2_1_0_1_2.csm 0.15 0.48 0.15 0.13 0.91 
AHUsOn_0_2_1_0_2_0.csm 0.15 0.26 0.00 0.42 0.83 
AHUsOn_0_2_1_0_2_1.csm 0.15 0.56 0.02 0.29 1.02 
AHUsOn_0_2_1_0_2_2.csm 0.15 0.52 0.16 0.25 1.07 
AHUsOn_0_2_1_1_0_0.csm 0.46 0.16 0.00 0.11 0.73 
AHUsOn_0_2_1_1_0_1.csm 0.46 0.30 0.01 0.05 0.82 
AHUsOn_0_2_1_1_0_2.csm 0.46 0.27 0.08 0.03 0.84 
AHUsOn_0_2_1_1_1_0.csm 0.46 0.16 0.00 0.19 0.81 
AHUsOn_0_2_1_1_1_1.csm 0.46 0.32 0.01 0.12 0.92 
AHUsOn_0_2_1_1_1_2.csm 0.46 0.29 0.09 0.10 0.95 
AHUsOn_0_2_1_1_2_0.csm 0.46 0.17 0.00 0.33 0.96 
AHUsOn_0_2_1_1_2_1.csm 0.46 0.36 0.01 0.24 1.08 
AHUsOn_0_2_1_1_2_2.csm 0.46 0.34 0.10 0.21 1.12 
AHUsOn_0_2_2_0_0_0.csm 0.15 0.27 0.00 0.18 0.61 
AHUsOn_0_2_2_0_0_1.csm 0.15 0.52 0.02 0.08 0.77 
AHUsOn_0_2_2_0_0_2.csm 0.15 0.46 0.14 0.06 0.81 
AHUsOn_0_2_2_0_1_0.csm 0.15 0.27 0.00 0.18 0.61 
AHUsOn_0_2_2_0_1_1.csm 0.15 0.52 0.02 0.08 0.77 
AHUsOn_0_2_2_0_1_2.csm 0.15 0.47 0.14 0.06 0.81 
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AHUsOn_0_2_2_0_2_0.csm 0.15 0.27 0.00 0.19 0.61 
AHUsOn_0_2_2_0_2_1.csm 0.15 0.52 0.02 0.09 0.78 
AHUsOn_0_2_2_0_2_2.csm 0.15 0.47 0.14 0.06 0.82 
AHUsOn_0_2_2_1_0_0.csm 0.46 0.16 0.00 0.10 0.73 
AHUsOn_0_2_2_1_0_1.csm 0.46 0.30 0.01 0.05 0.82 
AHUsOn_0_2_2_1_0_2.csm 0.46 0.27 0.08 0.03 0.84 
AHUsOn_0_2_2_1_1_0.csm 0.46 0.16 0.00 0.11 0.73 
AHUsOn_0_2_2_1_1_1.csm 0.46 0.30 0.01 0.05 0.82 
AHUsOn_0_2_2_1_1_2.csm 0.46 0.27 0.08 0.03 0.85 
AHUsOn_0_2_2_1_2_0.csm 0.46 0.16 0.00 0.11 0.74 
AHUsOn_0_2_2_1_2_1.csm 0.46 0.30 0.01 0.05 0.83 
AHUsOn_0_2_2_1_2_2.csm 0.46 0.27 0.08 0.04 0.85 
AHUsOn_0_2_3_0_0_0.csm 0.15 0.27 0.00 0.18 0.61 
AHUsOn_0_2_3_0_0_1.csm 0.15 0.52 0.02 0.08 0.77 
AHUsOn_0_2_3_0_0_2.csm 0.15 0.46 0.14 0.06 0.81 
AHUsOn_0_2_3_0_1_0.csm 0.15 0.26 0.00 0.27 0.68 
AHUsOn_0_2_3_0_1_1.csm 0.15 0.53 0.02 0.16 0.85 
AHUsOn_0_2_3_0_1_2.csm 0.15 0.48 0.15 0.12 0.90 
AHUsOn_0_2_3_0_2_0.csm 0.15 0.26 0.00 0.42 0.83 
AHUsOn_0_2_3_0_2_1.csm 0.15 0.56 0.02 0.29 1.01 
AHUsOn_0_2_3_0_2_2.csm 0.15 0.52 0.15 0.24 1.07 
AHUsOn_0_2_3_1_0_0.csm 0.46 0.16 0.00 0.11 0.73 
AHUsOn_0_2_3_1_0_1.csm 0.46 0.30 0.01 0.05 0.82 
AHUsOn_0_2_3_1_0_2.csm 0.46 0.27 0.08 0.03 0.84 
AHUsOn_0_2_3_1_1_0.csm 0.46 0.16 0.00 0.19 0.81 
AHUsOn_0_2_3_1_1_1.csm 0.46 0.32 0.01 0.12 0.91 
AHUsOn_0_2_3_1_1_2.csm 0.46 0.29 0.09 0.10 0.94 
AHUsOn_0_2_3_1_2_0.csm 0.46 0.17 0.00 0.32 0.96 
AHUsOn_0_2_3_1_2_1.csm 0.46 0.36 0.01 0.24 1.08 
AHUsOn_0_2_3_1_2_2.csm 0.46 0.34 0.10 0.21 1.11 
AHUsOn_0_2_4_0_0_0.csm 0.15 0.27 0.00 0.18 0.61 
AHUsOn_0_2_4_0_0_1.csm 0.15 0.52 0.02 0.08 0.77 
AHUsOn_0_2_4_0_0_2.csm 0.15 0.46 0.14 0.06 0.81 
AHUsOn_0_2_4_0_1_0.csm 0.15 0.27 0.00 0.18 0.61 
AHUsOn_0_2_4_0_1_1.csm 0.15 0.52 0.02 0.08 0.77 
AHUsOn_0_2_4_0_1_2.csm 0.15 0.46 0.14 0.06 0.81 
AHUsOn_0_2_4_0_2_0.csm 0.15 0.27 0.00 0.19 0.61 
AHUsOn_0_2_4_0_2_1.csm 0.15 0.52 0.02 0.09 0.77 
AHUsOn_0_2_4_0_2_2.csm 0.15 0.46 0.14 0.06 0.81 
AHUsOn_0_2_4_1_0_0.csm 0.46 0.16 0.00 0.11 0.73 
AHUsOn_0_2_4_1_0_1.csm 0.46 0.30 0.01 0.05 0.82 
AHUsOn_0_2_4_1_0_2.csm 0.46 0.27 0.08 0.03 0.84 
AHUsOn_0_2_4_1_1_0.csm 0.46 0.16 0.00 0.11 0.73 
AHUsOn_0_2_4_1_1_1.csm 0.46 0.30 0.01 0.05 0.82 
AHUsOn_0_2_4_1_1_2.csm 0.46 0.27 0.08 0.03 0.84 
AHUsOn_0_2_4_1_2_0.csm 0.46 0.16 0.00 0.11 0.73 
AHUsOn_0_2_4_1_2_1.csm 0.46 0.30 0.01 0.05 0.82 
AHUsOn_0_2_4_1_2_2.csm 0.46 0.27 0.08 0.04 0.85 
AHUsOn_0_2_5_0_0_0.csm 0.15 0.27 0.00 0.18 0.61 
AHUsOn_0_2_5_0_0_1.csm 0.15 0.52 0.02 0.08 0.77 
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AHUsOn_0_2_5_0_0_2.csm 0.15 0.46 0.14 0.06 0.81 
AHUsOn_0_2_5_0_1_0.csm 0.15 0.26 0.00 0.26 0.68 
AHUsOn_0_2_5_0_1_1.csm 0.15 0.53 0.02 0.15 0.85 
AHUsOn_0_2_5_0_1_2.csm 0.15 0.48 0.15 0.12 0.89 
AHUsOn_0_2_5_0_2_0.csm 0.15 0.26 0.00 0.41 0.82 
AHUsOn_0_2_5_0_2_1.csm 0.15 0.56 0.02 0.27 1.00 
AHUsOn_0_2_5_0_2_2.csm 0.15 0.52 0.15 0.23 1.05 
AHUsOn_0_2_5_1_0_0.csm 0.46 0.16 0.00 0.11 0.73 
AHUsOn_0_2_5_1_0_1.csm 0.46 0.30 0.01 0.05 0.82 
AHUsOn_0_2_5_1_0_2.csm 0.46 0.27 0.08 0.03 0.84 
AHUsOn_0_2_5_1_1_0.csm 0.46 0.16 0.00 0.18 0.80 
AHUsOn_0_2_5_1_1_1.csm 0.46 0.32 0.01 0.11 0.90 
AHUsOn_0_2_5_1_1_2.csm 0.46 0.29 0.09 0.09 0.93 
AHUsOn_0_2_5_1_2_0.csm 0.46 0.17 0.00 0.31 0.94 
AHUsOn_0_2_5_1_2_1.csm 0.46 0.36 0.01 0.23 1.06 
AHUsOn_0_2_5_1_2_2.csm 0.46 0.34 0.10 0.20 1.10 
AHUsOn_1_0_0_0_0_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_0_0_0_1.csm 1.34 1.51 0.05 0.00 2.90 
AHUsOn_1_0_0_0_0_2.csm 1.34 1.76 0.54 0.00 3.65 
AHUsOn_1_0_0_0_1_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_0_0_1_1.csm 1.34 1.51 0.05 0.00 2.90 
AHUsOn_1_0_0_0_1_2.csm 1.34 1.77 0.54 0.00 3.65 
AHUsOn_1_0_0_0_2_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_0_0_2_1.csm 1.34 1.51 0.05 0.00 2.91 
AHUsOn_1_0_0_0_2_2.csm 1.34 1.77 0.54 0.00 3.66 
AHUsOn_1_0_0_1_0_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_0_1_0_1.csm 4.23 0.87 0.03 0.00 5.13 
AHUsOn_1_0_0_1_0_2.csm 4.23 1.01 0.31 0.00 5.56 
AHUsOn_1_0_0_1_1_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_0_1_1_1.csm 4.23 0.87 0.03 0.00 5.13 
AHUsOn_1_0_0_1_1_2.csm 4.23 1.02 0.31 0.00 5.56 
AHUsOn_1_0_0_1_2_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_0_1_2_1.csm 4.23 0.87 0.03 0.00 5.14 
AHUsOn_1_0_0_1_2_2.csm 4.23 1.03 0.31 0.00 5.57 
AHUsOn_1_0_1_0_0_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_1_0_0_1.csm 1.34 1.50 0.05 0.00 2.90 
AHUsOn_1_0_1_0_0_2.csm 1.34 1.75 0.54 0.00 3.64 
AHUsOn_1_0_1_0_1_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_1_0_1_1.csm 1.34 1.51 0.05 0.00 2.90 
AHUsOn_1_0_1_0_1_2.csm 1.34 1.77 0.54 0.00 3.65 
AHUsOn_1_0_1_0_2_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_1_0_2_1.csm 1.34 1.52 0.05 0.00 2.91 
AHUsOn_1_0_1_0_2_2.csm 1.34 1.78 0.54 0.00 3.67 
AHUsOn_1_0_1_1_0_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_1_1_0_1.csm 4.23 0.86 0.03 0.00 5.12 
AHUsOn_1_0_1_1_0_2.csm 4.23 1.01 0.31 0.00 5.55 
AHUsOn_1_0_1_1_1_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_1_1_1_1.csm 4.23 0.88 0.03 0.00 5.14 
AHUsOn_1_0_1_1_1_2.csm 4.23 1.03 0.31 0.00 5.57 
AHUsOn_1_0_1_1_2_0.csm 4.23 0.24 0.00 0.00 4.48 
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AHUsOn_1_0_1_1_2_1.csm 4.23 0.90 0.03 0.00 5.16 
AHUsOn_1_0_1_1_2_2.csm 4.23 1.06 0.31 0.00 5.60 
AHUsOn_1_0_2_0_0_0.csm 1.34 0.42 0.01 0.00 1.76 
AHUsOn_1_0_2_0_0_1.csm 1.34 1.52 0.05 0.00 2.91 
AHUsOn_1_0_2_0_0_2.csm 1.34 1.77 0.54 0.00 3.66 
AHUsOn_1_0_2_0_1_0.csm 1.34 0.42 0.01 0.00 1.76 
AHUsOn_1_0_2_0_1_1.csm 1.34 1.52 0.05 0.00 2.91 
AHUsOn_1_0_2_0_1_2.csm 1.34 1.78 0.54 0.00 3.66 
AHUsOn_1_0_2_0_2_0.csm 1.34 0.42 0.01 0.00 1.76 
AHUsOn_1_0_2_0_2_1.csm 1.34 1.52 0.05 0.00 2.92 
AHUsOn_1_0_2_0_2_2.csm 1.34 1.78 0.54 0.00 3.66 
AHUsOn_1_0_2_1_0_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_2_1_0_1.csm 4.23 0.87 0.03 0.00 5.13 
AHUsOn_1_0_2_1_0_2.csm 4.23 1.02 0.31 0.00 5.56 
AHUsOn_1_0_2_1_1_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_2_1_1_1.csm 4.23 0.87 0.03 0.00 5.14 
AHUsOn_1_0_2_1_1_2.csm 4.23 1.02 0.31 0.00 5.56 
AHUsOn_1_0_2_1_2_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_2_1_2_1.csm 4.23 0.88 0.03 0.00 5.14 
AHUsOn_1_0_2_1_2_2.csm 4.23 1.02 0.31 0.00 5.57 
AHUsOn_1_0_3_0_0_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_3_0_0_1.csm 1.34 1.50 0.05 0.00 2.90 
AHUsOn_1_0_3_0_0_2.csm 1.34 1.76 0.54 0.00 3.64 
AHUsOn_1_0_3_0_1_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_3_0_1_1.csm 1.34 1.51 0.05 0.00 2.90 
AHUsOn_1_0_3_0_1_2.csm 1.34 1.77 0.54 0.00 3.65 
AHUsOn_1_0_3_0_2_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_3_0_2_1.csm 1.34 1.52 0.05 0.00 2.91 
AHUsOn_1_0_3_0_2_2.csm 1.34 1.78 0.54 0.00 3.67 
AHUsOn_1_0_3_1_0_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_3_1_0_1.csm 4.23 0.86 0.03 0.00 5.13 
AHUsOn_1_0_3_1_0_2.csm 4.23 1.01 0.31 0.00 5.55 
AHUsOn_1_0_3_1_1_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_3_1_1_1.csm 4.23 0.88 0.03 0.00 5.14 
AHUsOn_1_0_3_1_1_2.csm 4.23 1.03 0.31 0.00 5.57 
AHUsOn_1_0_3_1_2_0.csm 4.23 0.24 0.00 0.00 4.48 
AHUsOn_1_0_3_1_2_1.csm 4.23 0.90 0.03 0.00 5.16 
AHUsOn_1_0_3_1_2_2.csm 4.23 1.06 0.31 0.00 5.60 
AHUsOn_1_0_4_0_0_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_4_0_0_1.csm 1.34 1.50 0.05 0.00 2.90 
AHUsOn_1_0_4_0_0_2.csm 1.34 1.76 0.54 0.00 3.64 
AHUsOn_1_0_4_0_1_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_4_0_1_1.csm 1.34 1.50 0.05 0.00 2.90 
AHUsOn_1_0_4_0_1_2.csm 1.34 1.75 0.54 0.00 3.64 
AHUsOn_1_0_4_0_2_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_4_0_2_1.csm 1.34 1.50 0.05 0.00 2.90 
AHUsOn_1_0_4_0_2_2.csm 1.34 1.75 0.54 0.00 3.64 
AHUsOn_1_0_4_1_0_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_4_1_0_1.csm 4.23 0.87 0.03 0.00 5.13 
AHUsOn_1_0_4_1_0_2.csm 4.23 1.01 0.31 0.00 5.55 
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AHUsOn_1_0_4_1_1_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_4_1_1_1.csm 4.23 0.86 0.03 0.00 5.13 
AHUsOn_1_0_4_1_1_2.csm 4.23 1.01 0.31 0.00 5.55 
AHUsOn_1_0_4_1_2_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_4_1_2_1.csm 4.23 0.87 0.03 0.00 5.13 
AHUsOn_1_0_4_1_2_2.csm 4.23 1.01 0.31 0.00 5.55 
AHUsOn_1_0_5_0_0_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_5_0_0_1.csm 1.34 1.51 0.05 0.00 2.91 
AHUsOn_1_0_5_0_0_2.csm 1.34 1.76 0.54 0.00 3.65 
AHUsOn_1_0_5_0_1_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_5_0_1_1.csm 1.34 1.51 0.05 0.00 2.91 
AHUsOn_1_0_5_0_1_2.csm 1.34 1.77 0.54 0.00 3.65 
AHUsOn_1_0_5_0_2_0.csm 1.34 0.41 0.01 0.00 1.76 
AHUsOn_1_0_5_0_2_1.csm 1.34 1.52 0.05 0.00 2.92 
AHUsOn_1_0_5_0_2_2.csm 1.34 1.78 0.54 0.00 3.67 
AHUsOn_1_0_5_1_0_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_5_1_0_1.csm 4.23 0.87 0.03 0.00 5.13 
AHUsOn_1_0_5_1_0_2.csm 4.23 1.01 0.31 0.00 5.56 
AHUsOn_1_0_5_1_1_0.csm 4.23 0.24 0.00 0.00 4.47 
AHUsOn_1_0_5_1_1_1.csm 4.23 0.88 0.03 0.00 5.14 
AHUsOn_1_0_5_1_1_2.csm 4.23 1.03 0.31 0.00 5.57 
AHUsOn_1_0_5_1_2_0.csm 4.23 0.24 0.00 0.00 4.48 
AHUsOn_1_0_5_1_2_1.csm 4.23 0.90 0.03 0.00 5.16 
AHUsOn_1_0_5_1_2_2.csm 4.23 1.05 0.31 0.00 5.60 
AHUsOn_1_1_0_0_0_0.csm 1.34 0.41 0.01 0.06 1.81 
AHUsOn_1_1_0_0_0_1.csm 1.34 1.51 0.05 0.05 2.95 
AHUsOn_1_1_0_0_0_2.csm 1.34 1.76 0.54 0.04 3.69 
AHUsOn_1_1_0_0_1_0.csm 1.34 0.41 0.01 0.06 1.82 
AHUsOn_1_1_0_0_1_1.csm 1.34 1.51 0.05 0.05 2.95 
AHUsOn_1_1_0_0_1_2.csm 1.34 1.77 0.54 0.04 3.69 
AHUsOn_1_1_0_0_2_0.csm 1.34 0.41 0.01 0.06 1.82 
AHUsOn_1_1_0_0_2_1.csm 1.34 1.51 0.05 0.06 2.96 
AHUsOn_1_1_0_0_2_2.csm 1.34 1.77 0.54 0.05 3.71 
AHUsOn_1_1_0_1_0_0.csm 4.23 0.24 0.00 0.03 4.50 
AHUsOn_1_1_0_1_0_1.csm 4.23 0.87 0.03 0.03 5.16 
AHUsOn_1_1_0_1_0_2.csm 4.23 1.01 0.31 0.02 5.58 
AHUsOn_1_1_0_1_1_0.csm 4.23 0.24 0.00 0.03 4.50 
AHUsOn_1_1_0_1_1_1.csm 4.23 0.87 0.03 0.03 5.16 
AHUsOn_1_1_0_1_1_2.csm 4.23 1.02 0.31 0.03 5.58 
AHUsOn_1_1_0_1_2_0.csm 4.23 0.24 0.00 0.04 4.51 
AHUsOn_1_1_0_1_2_1.csm 4.23 0.87 0.03 0.03 5.17 
AHUsOn_1_1_0_1_2_2.csm 4.23 1.02 0.31 0.03 5.60 
AHUsOn_1_1_1_0_0_0.csm 1.34 0.41 0.01 0.06 1.81 
AHUsOn_1_1_1_0_0_1.csm 1.34 1.50 0.05 0.05 2.94 
AHUsOn_1_1_1_0_0_2.csm 1.34 1.75 0.54 0.04 3.68 
AHUsOn_1_1_1_0_1_0.csm 1.34 0.41 0.01 0.08 1.83 
AHUsOn_1_1_1_0_1_1.csm 1.34 1.50 0.05 0.07 2.97 
AHUsOn_1_1_1_0_1_2.csm 1.34 1.76 0.54 0.06 3.71 
AHUsOn_1_1_1_0_2_0.csm 1.34 0.41 0.01 0.11 1.87 
AHUsOn_1_1_1_0_2_1.csm 1.34 1.51 0.05 0.10 3.01 
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AHUsOn_1_1_1_0_2_2.csm 1.34 1.77 0.54 0.09 3.75 
AHUsOn_1_1_1_1_0_0.csm 4.23 0.24 0.00 0.03 4.50 
AHUsOn_1_1_1_1_0_1.csm 4.23 0.86 0.03 0.03 5.15 
AHUsOn_1_1_1_1_0_2.csm 4.23 1.01 0.31 0.02 5.58 
AHUsOn_1_1_1_1_1_0.csm 4.23 0.24 0.00 0.05 4.52 
AHUsOn_1_1_1_1_1_1.csm 4.23 0.87 0.03 0.04 5.18 
AHUsOn_1_1_1_1_1_2.csm 4.23 1.03 0.31 0.04 5.61 
AHUsOn_1_1_1_1_2_0.csm 4.23 0.24 0.00 0.08 4.55 
AHUsOn_1_1_1_1_2_1.csm 4.23 0.89 0.03 0.07 5.22 
AHUsOn_1_1_1_1_2_2.csm 4.23 1.05 0.31 0.07 5.66 
AHUsOn_1_1_2_0_0_0.csm 1.34 0.42 0.01 0.06 1.82 
AHUsOn_1_1_2_0_0_1.csm 1.34 1.52 0.05 0.05 2.96 
AHUsOn_1_1_2_0_0_2.csm 1.34 1.77 0.54 0.04 3.70 
AHUsOn_1_1_2_0_1_0.csm 1.34 0.42 0.01 0.06 1.82 
AHUsOn_1_1_2_0_1_1.csm 1.34 1.52 0.05 0.05 2.96 
AHUsOn_1_1_2_0_1_2.csm 1.34 1.78 0.54 0.04 3.70 
AHUsOn_1_1_2_0_2_0.csm 1.34 0.42 0.01 0.06 1.82 
AHUsOn_1_1_2_0_2_1.csm 1.34 1.52 0.05 0.05 2.97 
AHUsOn_1_1_2_0_2_2.csm 1.34 1.78 0.54 0.04 3.71 
AHUsOn_1_1_2_1_0_0.csm 4.23 0.24 0.00 0.03 4.50 
AHUsOn_1_1_2_1_0_1.csm 4.23 0.87 0.03 0.03 5.16 
AHUsOn_1_1_2_1_0_2.csm 4.23 1.02 0.31 0.02 5.59 
AHUsOn_1_1_2_1_1_0.csm 4.23 0.24 0.00 0.03 4.50 
AHUsOn_1_1_2_1_1_1.csm 4.23 0.87 0.03 0.03 5.16 
AHUsOn_1_1_2_1_1_2.csm 4.23 1.02 0.31 0.02 5.59 
AHUsOn_1_1_2_1_2_0.csm 4.23 0.24 0.00 0.03 4.51 
AHUsOn_1_1_2_1_2_1.csm 4.23 0.88 0.03 0.03 5.17 
AHUsOn_1_1_2_1_2_2.csm 4.23 1.02 0.31 0.03 5.59 
AHUsOn_1_1_3_0_0_0.csm 1.34 0.41 0.01 0.06 1.81 
AHUsOn_1_1_3_0_0_1.csm 1.34 1.50 0.05 0.05 2.95 
AHUsOn_1_1_3_0_0_2.csm 1.34 1.76 0.54 0.04 3.68 
AHUsOn_1_1_3_0_1_0.csm 1.34 0.41 0.01 0.08 1.83 
AHUsOn_1_1_3_0_1_1.csm 1.34 1.51 0.05 0.07 2.97 
AHUsOn_1_1_3_0_1_2.csm 1.34 1.76 0.54 0.06 3.71 
AHUsOn_1_1_3_0_2_0.csm 1.34 0.41 0.01 0.11 1.87 
AHUsOn_1_1_3_0_2_1.csm 1.34 1.51 0.05 0.10 3.01 
AHUsOn_1_1_3_0_2_2.csm 1.34 1.78 0.54 0.09 3.75 
AHUsOn_1_1_3_1_0_0.csm 4.23 0.24 0.00 0.03 4.50 
AHUsOn_1_1_3_1_0_1.csm 4.23 0.86 0.03 0.03 5.15 
AHUsOn_1_1_3_1_0_2.csm 4.23 1.01 0.31 0.02 5.58 
AHUsOn_1_1_3_1_1_0.csm 4.23 0.24 0.00 0.05 4.52 
AHUsOn_1_1_3_1_1_1.csm 4.23 0.87 0.03 0.04 5.18 
AHUsOn_1_1_3_1_1_2.csm 4.23 1.02 0.31 0.04 5.61 
AHUsOn_1_1_3_1_2_0.csm 4.23 0.24 0.00 0.08 4.55 
AHUsOn_1_1_3_1_2_1.csm 4.23 0.89 0.03 0.07 5.22 
AHUsOn_1_1_3_1_2_2.csm 4.23 1.05 0.31 0.07 5.66 
AHUsOn_1_1_4_0_0_0.csm 1.34 0.41 0.01 0.06 1.81 
AHUsOn_1_1_4_0_0_1.csm 1.34 1.50 0.05 0.05 2.95 
AHUsOn_1_1_4_0_0_2.csm 1.34 1.76 0.54 0.04 3.68 
AHUsOn_1_1_4_0_1_0.csm 1.34 0.41 0.01 0.06 1.81 
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AHUsOn_1_1_4_0_1_1.csm 1.34 1.50 0.05 0.05 2.95 
AHUsOn_1_1_4_0_1_2.csm 1.34 1.75 0.54 0.04 3.68 
AHUsOn_1_1_4_0_2_0.csm 1.34 0.41 0.01 0.06 1.81 
AHUsOn_1_1_4_0_2_1.csm 1.34 1.50 0.05 0.05 2.95 
AHUsOn_1_1_4_0_2_2.csm 1.34 1.75 0.54 0.04 3.68 
AHUsOn_1_1_4_1_0_0.csm 4.23 0.24 0.00 0.03 4.50 
AHUsOn_1_1_4_1_0_1.csm 4.23 0.87 0.03 0.03 5.15 
AHUsOn_1_1_4_1_0_2.csm 4.23 1.01 0.31 0.02 5.58 
AHUsOn_1_1_4_1_1_0.csm 4.23 0.24 0.00 0.03 4.50 
AHUsOn_1_1_4_1_1_1.csm 4.23 0.86 0.03 0.03 5.15 
AHUsOn_1_1_4_1_1_2.csm 4.23 1.01 0.31 0.02 5.58 
AHUsOn_1_1_4_1_2_0.csm 4.23 0.24 0.00 0.03 4.50 
AHUsOn_1_1_4_1_2_1.csm 4.23 0.87 0.03 0.03 5.16 
AHUsOn_1_1_4_1_2_2.csm 4.23 1.01 0.31 0.03 5.58 
AHUsOn_1_1_5_0_0_0.csm 1.34 0.41 0.01 0.06 1.82 
AHUsOn_1_1_5_0_0_1.csm 1.34 1.51 0.05 0.05 2.96 
AHUsOn_1_1_5_0_0_2.csm 1.34 1.76 0.54 0.04 3.69 
AHUsOn_1_1_5_0_1_0.csm 1.34 0.41 0.01 0.07 1.83 
AHUsOn_1_1_5_0_1_1.csm 1.34 1.51 0.05 0.07 2.97 
AHUsOn_1_1_5_0_1_2.csm 1.34 1.77 0.54 0.06 3.71 
AHUsOn_1_1_5_0_2_0.csm 1.34 0.41 0.01 0.11 1.87 
AHUsOn_1_1_5_0_2_1.csm 1.34 1.52 0.05 0.10 3.01 
AHUsOn_1_1_5_0_2_2.csm 1.34 1.78 0.54 0.09 3.75 
AHUsOn_1_1_5_1_0_0.csm 4.23 0.24 0.00 0.03 4.50 
AHUsOn_1_1_5_1_0_1.csm 4.23 0.87 0.03 0.03 5.16 
AHUsOn_1_1_5_1_0_2.csm 4.23 1.01 0.31 0.02 5.58 
AHUsOn_1_1_5_1_1_0.csm 4.23 0.24 0.00 0.05 4.52 
AHUsOn_1_1_5_1_1_1.csm 4.23 0.88 0.03 0.04 5.18 
AHUsOn_1_1_5_1_1_2.csm 4.23 1.02 0.31 0.04 5.61 
AHUsOn_1_1_5_1_2_0.csm 4.23 0.24 0.00 0.07 4.55 
AHUsOn_1_1_5_1_2_1.csm 4.23 0.89 0.03 0.07 5.22 
AHUsOn_1_1_5_1_2_2.csm 4.23 1.05 0.31 0.06 5.66 
AHUsOn_1_2_0_0_0_0.csm 1.34 0.41 0.01 0.28 2.03 
AHUsOn_1_2_0_0_0_1.csm 1.34 1.51 0.05 0.24 3.14 
AHUsOn_1_2_0_0_0_2.csm 1.34 1.76 0.54 0.21 3.86 
AHUsOn_1_2_0_0_1_0.csm 1.34 0.41 0.01 0.28 2.04 
AHUsOn_1_2_0_0_1_1.csm 1.34 1.51 0.05 0.25 3.15 
AHUsOn_1_2_0_0_1_2.csm 1.34 1.76 0.54 0.22 3.87 
AHUsOn_1_2_0_0_2_0.csm 1.34 0.41 0.01 0.32 2.08 
AHUsOn_1_2_0_0_2_1.csm 1.34 1.51 0.05 0.28 3.18 
AHUsOn_1_2_0_0_2_2.csm 1.34 1.76 0.54 0.25 3.90 
AHUsOn_1_2_0_1_0_0.csm 4.23 0.24 0.00 0.16 4.63 
AHUsOn_1_2_0_1_0_1.csm 4.23 0.87 0.03 0.14 5.27 
AHUsOn_1_2_0_1_0_2.csm 4.23 1.01 0.31 0.12 5.68 
AHUsOn_1_2_0_1_1_0.csm 4.23 0.24 0.00 0.16 4.63 
AHUsOn_1_2_0_1_1_1.csm 4.23 0.87 0.03 0.14 5.27 
AHUsOn_1_2_0_1_1_2.csm 4.23 1.02 0.31 0.13 5.69 
AHUsOn_1_2_0_1_2_0.csm 4.23 0.24 0.00 0.19 4.66 
AHUsOn_1_2_0_1_2_1.csm 4.23 0.87 0.03 0.17 5.30 
AHUsOn_1_2_0_1_2_2.csm 4.23 1.02 0.31 0.15 5.71 
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AHUsOn_1_2_1_0_0_0.csm 1.34 0.41 0.01 0.28 2.03 
AHUsOn_1_2_1_0_0_1.csm 1.34 1.50 0.05 0.24 3.14 
AHUsOn_1_2_1_0_0_2.csm 1.34 1.75 0.54 0.21 3.85 
AHUsOn_1_2_1_0_1_0.csm 1.34 0.41 0.01 0.38 2.14 
AHUsOn_1_2_1_0_1_1.csm 1.34 1.49 0.05 0.34 3.23 
AHUsOn_1_2_1_0_1_2.csm 1.34 1.75 0.54 0.31 3.94 
AHUsOn_1_2_1_0_2_0.csm 1.34 0.40 0.01 0.55 2.31 
AHUsOn_1_2_1_0_2_1.csm 1.34 1.49 0.05 0.50 3.39 
AHUsOn_1_2_1_0_2_2.csm 1.34 1.75 0.54 0.46 4.09 
AHUsOn_1_2_1_1_0_0.csm 4.23 0.24 0.00 0.16 4.63 
AHUsOn_1_2_1_1_0_1.csm 4.23 0.86 0.03 0.14 5.26 
AHUsOn_1_2_1_1_0_2.csm 4.23 1.01 0.31 0.12 5.67 
AHUsOn_1_2_1_1_1_0.csm 4.23 0.24 0.00 0.24 4.71 
AHUsOn_1_2_1_1_1_1.csm 4.23 0.86 0.03 0.22 5.35 
AHUsOn_1_2_1_1_1_2.csm 4.23 1.01 0.31 0.20 5.76 
AHUsOn_1_2_1_1_2_0.csm 4.23 0.24 0.00 0.39 4.86 
AHUsOn_1_2_1_1_2_1.csm 4.23 0.87 0.03 0.36 5.49 
AHUsOn_1_2_1_1_2_2.csm 4.23 1.02 0.31 0.33 5.90 
AHUsOn_1_2_2_0_0_0.csm 1.34 0.42 0.01 0.28 2.04 
AHUsOn_1_2_2_0_0_1.csm 1.34 1.52 0.05 0.24 3.16 
AHUsOn_1_2_2_0_0_2.csm 1.34 1.77 0.54 0.21 3.87 
AHUsOn_1_2_2_0_1_0.csm 1.34 0.42 0.01 0.28 2.04 
AHUsOn_1_2_2_0_1_1.csm 1.34 1.52 0.05 0.24 3.16 
AHUsOn_1_2_2_0_1_2.csm 1.34 1.78 0.54 0.21 3.87 
AHUsOn_1_2_2_0_2_0.csm 1.34 0.42 0.01 0.28 2.05 
AHUsOn_1_2_2_0_2_1.csm 1.34 1.52 0.05 0.25 3.16 
AHUsOn_1_2_2_0_2_2.csm 1.34 1.78 0.54 0.22 3.88 
AHUsOn_1_2_2_1_0_0.csm 4.23 0.24 0.00 0.16 4.63 
AHUsOn_1_2_2_1_0_1.csm 4.23 0.87 0.03 0.14 5.27 
AHUsOn_1_2_2_1_0_2.csm 4.23 1.02 0.31 0.12 5.69 
AHUsOn_1_2_2_1_1_0.csm 4.23 0.24 0.00 0.16 4.63 
AHUsOn_1_2_2_1_1_1.csm 4.23 0.87 0.03 0.14 5.27 
AHUsOn_1_2_2_1_1_2.csm 4.23 1.02 0.31 0.12 5.69 
AHUsOn_1_2_2_1_2_0.csm 4.23 0.24 0.00 0.17 4.64 
AHUsOn_1_2_2_1_2_1.csm 4.23 0.87 0.03 0.15 5.28 
AHUsOn_1_2_2_1_2_2.csm 4.23 1.02 0.31 0.13 5.69 
AHUsOn_1_2_3_0_0_0.csm 1.34 0.41 0.01 0.28 2.03 
AHUsOn_1_2_3_0_0_1.csm 1.34 1.50 0.05 0.24 3.14 
AHUsOn_1_2_3_0_0_2.csm 1.34 1.76 0.54 0.21 3.85 
AHUsOn_1_2_3_0_1_0.csm 1.34 0.41 0.01 0.38 2.13 
AHUsOn_1_2_3_0_1_1.csm 1.34 1.50 0.05 0.34 3.23 
AHUsOn_1_2_3_0_1_2.csm 1.34 1.75 0.54 0.30 3.94 
AHUsOn_1_2_3_0_2_0.csm 1.34 0.41 0.01 0.55 2.30 
AHUsOn_1_2_3_0_2_1.csm 1.34 1.49 0.05 0.50 3.39 
AHUsOn_1_2_3_0_2_2.csm 1.34 1.75 0.54 0.46 4.09 
AHUsOn_1_2_3_1_0_0.csm 4.23 0.24 0.00 0.16 4.63 
AHUsOn_1_2_3_1_0_1.csm 4.23 0.86 0.03 0.14 5.26 
AHUsOn_1_2_3_1_0_2.csm 4.23 1.01 0.31 0.12 5.68 
AHUsOn_1_2_3_1_1_0.csm 4.23 0.24 0.00 0.24 4.71 
AHUsOn_1_2_3_1_1_1.csm 4.23 0.87 0.03 0.22 5.34 
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AHUsOn_1_2_3_1_1_2.csm 4.23 1.01 0.31 0.20 5.76 
AHUsOn_1_2_3_1_2_0.csm 4.23 0.24 0.00 0.38 4.85 
AHUsOn_1_2_3_1_2_1.csm 4.23 0.87 0.03 0.35 5.48 
AHUsOn_1_2_3_1_2_2.csm 4.23 1.02 0.31 0.33 5.89 
AHUsOn_1_2_4_0_0_0.csm 1.34 0.41 0.01 0.28 2.03 
AHUsOn_1_2_4_0_0_1.csm 1.34 1.50 0.05 0.24 3.14 
AHUsOn_1_2_4_0_0_2.csm 1.34 1.76 0.54 0.21 3.85 
AHUsOn_1_2_4_0_1_0.csm 1.34 0.41 0.01 0.28 2.03 
AHUsOn_1_2_4_0_1_1.csm 1.34 1.50 0.05 0.24 3.14 
AHUsOn_1_2_4_0_1_2.csm 1.34 1.75 0.54 0.21 3.85 
AHUsOn_1_2_4_0_2_0.csm 1.34 0.41 0.01 0.28 2.04 
AHUsOn_1_2_4_0_2_1.csm 1.34 1.50 0.05 0.25 3.15 
AHUsOn_1_2_4_0_2_2.csm 1.34 1.75 0.54 0.22 3.86 
AHUsOn_1_2_4_1_0_0.csm 4.23 0.24 0.00 0.16 4.63 
AHUsOn_1_2_4_1_0_1.csm 4.23 0.87 0.03 0.14 5.27 
AHUsOn_1_2_4_1_0_2.csm 4.23 1.01 0.31 0.12 5.68 
AHUsOn_1_2_4_1_1_0.csm 4.23 0.24 0.00 0.16 4.63 
AHUsOn_1_2_4_1_1_1.csm 4.23 0.86 0.03 0.14 5.27 
AHUsOn_1_2_4_1_1_2.csm 4.23 1.01 0.31 0.12 5.68 
AHUsOn_1_2_4_1_2_0.csm 4.23 0.24 0.00 0.16 4.63 
AHUsOn_1_2_4_1_2_1.csm 4.23 0.86 0.03 0.14 5.27 
AHUsOn_1_2_4_1_2_2.csm 4.23 1.01 0.31 0.13 5.68 
AHUsOn_1_2_5_0_0_0.csm 1.34 0.41 0.01 0.28 2.04 
AHUsOn_1_2_5_0_0_1.csm 1.34 1.51 0.05 0.24 3.15 
AHUsOn_1_2_5_0_0_2.csm 1.34 1.76 0.54 0.21 3.86 
AHUsOn_1_2_5_0_1_0.csm 1.34 0.41 0.01 0.37 2.13 
AHUsOn_1_2_5_0_1_1.csm 1.34 1.51 0.05 0.33 3.23 
AHUsOn_1_2_5_0_1_2.csm 1.34 1.76 0.54 0.30 3.94 
AHUsOn_1_2_5_0_2_0.csm 1.34 0.41 0.01 0.53 2.29 
AHUsOn_1_2_5_0_2_1.csm 1.34 1.50 0.05 0.49 3.38 
AHUsOn_1_2_5_0_2_2.csm 1.34 1.75 0.54 0.45 4.08 
AHUsOn_1_2_5_1_0_0.csm 4.23 0.24 0.00 0.16 4.63 
AHUsOn_1_2_5_1_0_1.csm 4.23 0.87 0.03 0.14 5.27 
AHUsOn_1_2_5_1_0_2.csm 4.23 1.01 0.31 0.12 5.68 
AHUsOn_1_2_5_1_1_0.csm 4.23 0.24 0.00 0.23 4.70 
AHUsOn_1_2_5_1_1_1.csm 4.23 0.87 0.03 0.21 5.34 
AHUsOn_1_2_5_1_1_2.csm 4.23 1.02 0.31 0.19 5.75 
AHUsOn_1_2_5_1_2_0.csm 4.23 0.24 0.00 0.37 4.84 
AHUsOn_1_2_5_1_2_1.csm 4.23 0.87 0.03 0.34 5.48 
AHUsOn_1_2_5_1_2_2.csm 4.23 1.02 0.31 0.32 5.88 
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7. APPENDIX B 
This appendix compiles the same data in a similar format as Appendix A.  The following 
data corresponds to simulations for when the AHUs are off.  The filename format is: 
𝐴𝐴𝐻𝐻𝑈𝑈𝑐𝑐𝑂𝑂𝑂𝑂𝑂𝑂_𝑎𝑎_𝑏𝑏_𝑐𝑐_𝑑𝑑_𝑒𝑒_𝑂𝑂. 𝑐𝑐𝑐𝑐𝐶𝐶, 
with the following file settings: 
Table 10. CSM File Index Explanation for AHU On Simulations 
Index location Building Factor 0 1 2 3 4 5 
a OA % - - - - - - 
b Envelope Filtration Low Base High - - - 
c Outdoor Temp Cold Cold Mild Mild Hot Hot 
 Wind Speed Calm Windy Calm Windy Calm Windy 
d AHU Filter - -  - - - 
e Envelope Leakage Low Base High - - - 
f Deposition Low Base High - - - 
 
The settings (low, base, high) for the building factors correspond with the values reported 
in Table 3. 
 
Simulation Run 
AHU 
Filtration 
Surface 
Deposition 
Duct 
Deposition 
Envelope 
Filtration Total 
AHUsOff_0_0_0_0_0_0.csm 0.00 0.06 0.00 0.00 0.06 
AHUsOff_0_0_0_0_0_1.csm 0.00 0.09 0.00 0.00 0.09 
AHUsOff_0_0_0_0_0_2.csm 0.00 0.10 0.00 0.00 0.10 
AHUsOff_0_0_0_0_1_0.csm 0.00 0.09 0.00 0.00 0.09 
AHUsOff_0_0_0_0_1_1.csm 0.00 0.14 0.00 0.00 0.14 
AHUsOff_0_0_0_0_1_2.csm 0.00 0.19 0.00 0.00 0.19 
AHUsOff_0_0_0_0_2_0.csm 0.00 0.10 0.00 0.00 0.10 
AHUsOff_0_0_0_0_2_1.csm 0.00 0.19 0.00 0.00 0.19 
AHUsOff_0_0_0_0_2_2.csm 0.00 0.28 0.00 0.00 0.28 
AHUsOff_0_0_1_0_0_0.csm 0.00 0.06 0.00 0.00 0.06 
AHUsOff_0_0_1_0_0_1.csm 0.00 0.11 0.00 0.00 0.11 
AHUsOff_0_0_1_0_0_2.csm 0.00 0.13 0.00 0.00 0.13 
AHUsOff_0_0_1_0_1_0.csm 0.00 0.09 0.00 0.00 0.09 
AHUsOff_0_0_1_0_1_1.csm 0.00 0.18 0.00 0.00 0.18 
AHUsOff_0_0_1_0_1_2.csm 0.00 0.29 0.00 0.00 0.29 
AHUsOff_0_0_1_0_2_0.csm 0.00 0.10 0.00 0.00 0.10 
AHUsOff_0_0_1_0_2_1.csm 0.00 0.22 0.00 0.00 0.22 
AHUsOff_0_0_1_0_2_2.csm 0.00 0.41 0.00 0.00 0.41 
AHUsOff_0_0_2_0_0_0.csm 0.00 0.05 0.00 0.00 0.05 
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AHUsOff_0_0_2_0_0_1.csm 0.00 0.07 0.00 0.00 0.07 
AHUsOff_0_0_2_0_0_2.csm 0.00 0.08 0.00 0.00 0.08 
AHUsOff_0_0_2_0_1_0.csm 0.00 0.08 0.00 0.00 0.08 
AHUsOff_0_0_2_0_1_1.csm 0.00 0.12 0.00 0.00 0.12 
AHUsOff_0_0_2_0_1_2.csm 0.00 0.15 0.00 0.00 0.15 
AHUsOff_0_0_2_0_2_0.csm 0.00 0.09 0.00 0.00 0.09 
AHUsOff_0_0_2_0_2_1.csm 0.00 0.16 0.00 0.00 0.16 
AHUsOff_0_0_2_0_2_2.csm 0.00 0.22 0.00 0.00 0.22 
AHUsOff_0_0_3_0_0_0.csm 0.00 0.06 0.00 0.00 0.06 
AHUsOff_0_0_3_0_0_1.csm 0.00 0.10 0.00 0.00 0.10 
AHUsOff_0_0_3_0_0_2.csm 0.00 0.12 0.00 0.00 0.12 
AHUsOff_0_0_3_0_1_0.csm 0.00 0.08 0.00 0.00 0.08 
AHUsOff_0_0_3_0_1_1.csm 0.00 0.17 0.00 0.00 0.17 
AHUsOff_0_0_3_0_1_2.csm 0.00 0.27 0.00 0.00 0.27 
AHUsOff_0_0_3_0_2_0.csm 0.00 0.10 0.00 0.00 0.10 
AHUsOff_0_0_3_0_2_1.csm 0.00 0.21 0.00 0.00 0.21 
AHUsOff_0_0_3_0_2_2.csm 0.00 0.39 0.00 0.00 0.39 
AHUsOff_0_0_4_0_0_0.csm 0.00 0.02 0.00 0.00 0.02 
AHUsOff_0_0_4_0_0_1.csm 0.00 0.02 0.00 0.00 0.02 
AHUsOff_0_0_4_0_0_2.csm 0.00 0.03 0.00 0.00 0.03 
AHUsOff_0_0_4_0_1_0.csm 0.00 0.03 0.00 0.00 0.03 
AHUsOff_0_0_4_0_1_1.csm 0.00 0.05 0.00 0.00 0.05 
AHUsOff_0_0_4_0_1_2.csm 0.00 0.06 0.00 0.00 0.06 
AHUsOff_0_0_4_0_2_0.csm 0.00 0.04 0.00 0.00 0.04 
AHUsOff_0_0_4_0_2_1.csm 0.00 0.07 0.00 0.00 0.07 
AHUsOff_0_0_4_0_2_2.csm 0.00 0.10 0.00 0.00 0.10 
AHUsOff_0_0_5_0_0_0.csm 0.00 0.05 0.00 0.00 0.05 
AHUsOff_0_0_5_0_0_1.csm 0.00 0.08 0.00 0.00 0.08 
AHUsOff_0_0_5_0_0_2.csm 0.00 0.11 0.00 0.00 0.11 
AHUsOff_0_0_5_0_1_0.csm 0.00 0.08 0.00 0.00 0.08 
AHUsOff_0_0_5_0_1_1.csm 0.00 0.15 0.00 0.00 0.15 
AHUsOff_0_0_5_0_1_2.csm 0.00 0.24 0.00 0.00 0.24 
AHUsOff_0_0_5_0_2_0.csm 0.00 0.09 0.00 0.00 0.09 
AHUsOff_0_0_5_0_2_1.csm 0.00 0.20 0.00 0.00 0.20 
AHUsOff_0_0_5_0_2_2.csm 0.00 0.36 0.00 0.00 0.36 
AHUsOff_0_1_0_0_0_0.csm 0.00 0.06 0.00 0.01 0.07 
AHUsOff_0_1_0_0_0_1.csm 0.00 0.08 0.00 0.01 0.09 
AHUsOff_0_1_0_0_0_2.csm 0.00 0.09 0.00 0.01 0.10 
AHUsOff_0_1_0_0_1_0.csm 0.00 0.08 0.00 0.03 0.11 
AHUsOff_0_1_0_0_1_1.csm 0.00 0.13 0.00 0.02 0.16 
AHUsOff_0_1_0_0_1_2.csm 0.00 0.17 0.00 0.02 0.19 
AHUsOff_0_1_0_0_2_0.csm 0.00 0.09 0.00 0.05 0.14 
AHUsOff_0_1_0_0_2_1.csm 0.00 0.17 0.00 0.04 0.21 
AHUsOff_0_1_0_0_2_2.csm 0.00 0.25 0.00 0.03 0.28 
AHUsOff_0_1_1_0_0_0.csm 0.00 0.06 0.00 0.02 0.08 
AHUsOff_0_1_1_0_0_1.csm 0.00 0.10 0.00 0.02 0.11 
AHUsOff_0_1_1_0_0_2.csm 0.00 0.12 0.00 0.01 0.14 
AHUsOff_0_1_1_0_1_0.csm 0.00 0.08 0.00 0.06 0.14 
AHUsOff_0_1_1_0_1_1.csm 0.00 0.16 0.00 0.05 0.21 
AHUsOff_0_1_1_0_1_2.csm 0.00 0.26 0.00 0.04 0.30 
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AHUsOff_0_1_1_0_2_0.csm 0.00 0.09 0.00 0.09 0.18 
AHUsOff_0_1_1_0_2_1.csm 0.00 0.20 0.00 0.08 0.28 
AHUsOff_0_1_1_0_2_2.csm 0.00 0.37 0.00 0.06 0.43 
AHUsOff_0_1_2_0_0_0.csm 0.00 0.05 0.00 0.01 0.05 
AHUsOff_0_1_2_0_0_1.csm 0.00 0.06 0.00 0.01 0.07 
AHUsOff_0_1_2_0_0_2.csm 0.00 0.07 0.00 0.01 0.08 
AHUsOff_0_1_2_0_1_0.csm 0.00 0.07 0.00 0.02 0.09 
AHUsOff_0_1_2_0_1_1.csm 0.00 0.11 0.00 0.02 0.13 
AHUsOff_0_1_2_0_1_2.csm 0.00 0.13 0.00 0.02 0.15 
AHUsOff_0_1_2_0_2_0.csm 0.00 0.08 0.00 0.04 0.12 
AHUsOff_0_1_2_0_2_1.csm 0.00 0.14 0.00 0.03 0.17 
AHUsOff_0_1_2_0_2_2.csm 0.00 0.20 0.00 0.02 0.22 
AHUsOff_0_1_3_0_0_0.csm 0.00 0.05 0.00 0.02 0.07 
AHUsOff_0_1_3_0_0_1.csm 0.00 0.09 0.00 0.02 0.10 
AHUsOff_0_1_3_0_0_2.csm 0.00 0.11 0.00 0.01 0.12 
AHUsOff_0_1_3_0_1_0.csm 0.00 0.08 0.00 0.05 0.13 
AHUsOff_0_1_3_0_1_1.csm 0.00 0.15 0.00 0.04 0.19 
AHUsOff_0_1_3_0_1_2.csm 0.00 0.24 0.00 0.03 0.27 
AHUsOff_0_1_3_0_2_0.csm 0.00 0.09 0.00 0.08 0.17 
AHUsOff_0_1_3_0_2_1.csm 0.00 0.19 0.00 0.07 0.26 
AHUsOff_0_1_3_0_2_2.csm 0.00 0.35 0.00 0.06 0.40 
AHUsOff_0_1_4_0_0_0.csm 0.00 0.02 0.00 0.00 0.02 
AHUsOff_0_1_4_0_0_1.csm 0.00 0.02 0.00 0.00 0.02 
AHUsOff_0_1_4_0_0_2.csm 0.00 0.02 0.00 0.00 0.03 
AHUsOff_0_1_4_0_1_0.csm 0.00 0.03 0.00 0.01 0.04 
AHUsOff_0_1_4_0_1_1.csm 0.00 0.05 0.00 0.01 0.05 
AHUsOff_0_1_4_0_1_2.csm 0.00 0.06 0.00 0.01 0.07 
AHUsOff_0_1_4_0_2_0.csm 0.00 0.04 0.00 0.02 0.06 
AHUsOff_0_1_4_0_2_1.csm 0.00 0.07 0.00 0.01 0.08 
AHUsOff_0_1_4_0_2_2.csm 0.00 0.09 0.00 0.01 0.10 
AHUsOff_0_1_5_0_0_0.csm 0.00 0.05 0.00 0.02 0.06 
AHUsOff_0_1_5_0_0_1.csm 0.00 0.07 0.00 0.01 0.09 
AHUsOff_0_1_5_0_0_2.csm 0.00 0.09 0.00 0.01 0.11 
AHUsOff_0_1_5_0_1_0.csm 0.00 0.07 0.00 0.05 0.12 
AHUsOff_0_1_5_0_1_1.csm 0.00 0.14 0.00 0.04 0.18 
AHUsOff_0_1_5_0_1_2.csm 0.00 0.22 0.00 0.03 0.25 
AHUsOff_0_1_5_0_2_0.csm 0.00 0.08 0.00 0.08 0.16 
AHUsOff_0_1_5_0_2_1.csm 0.00 0.18 0.00 0.07 0.24 
AHUsOff_0_1_5_0_2_2.csm 0.00 0.32 0.00 0.05 0.37 
AHUsOff_0_2_0_0_0_0.csm 0.00 0.03 0.00 0.06 0.09 
AHUsOff_0_2_0_0_0_1.csm 0.00 0.05 0.00 0.05 0.10 
AHUsOff_0_2_0_0_0_2.csm 0.00 0.05 0.00 0.05 0.10 
AHUsOff_0_2_0_0_1_0.csm 0.00 0.04 0.00 0.13 0.17 
AHUsOff_0_2_0_0_1_1.csm 0.00 0.07 0.00 0.11 0.19 
AHUsOff_0_2_0_0_1_2.csm 0.00 0.10 0.00 0.10 0.20 
AHUsOff_0_2_0_0_2_0.csm 0.00 0.05 0.00 0.20 0.25 
AHUsOff_0_2_0_0_2_1.csm 0.00 0.09 0.00 0.18 0.27 
AHUsOff_0_2_0_0_2_2.csm 0.00 0.14 0.00 0.16 0.30 
AHUsOff_0_2_1_0_0_0.csm 0.00 0.03 0.00 0.09 0.12 
AHUsOff_0_2_1_0_0_1.csm 0.00 0.05 0.00 0.08 0.13 
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AHUsOff_0_2_1_0_0_2.csm 0.00 0.07 0.00 0.07 0.14 
AHUsOff_0_2_1_0_1_0.csm 0.00 0.04 0.00 0.23 0.27 
AHUsOff_0_2_1_0_1_1.csm 0.00 0.09 0.00 0.20 0.29 
AHUsOff_0_2_1_0_1_2.csm 0.00 0.14 0.00 0.18 0.32 
AHUsOff_0_2_1_0_2_0.csm 0.00 0.05 0.00 0.36 0.41 
AHUsOff_0_2_1_0_2_1.csm 0.00 0.11 0.00 0.33 0.44 
AHUsOff_0_2_1_0_2_2.csm 0.00 0.21 0.00 0.28 0.49 
AHUsOff_0_2_2_0_0_0.csm 0.00 0.03 0.00 0.04 0.07 
AHUsOff_0_2_2_0_0_1.csm 0.00 0.04 0.00 0.04 0.08 
AHUsOff_0_2_2_0_0_2.csm 0.00 0.04 0.00 0.04 0.08 
AHUsOff_0_2_2_0_1_0.csm 0.00 0.04 0.00 0.09 0.13 
AHUsOff_0_2_2_0_1_1.csm 0.00 0.06 0.00 0.08 0.14 
AHUsOff_0_2_2_0_1_2.csm 0.00 0.07 0.00 0.08 0.15 
AHUsOff_0_2_2_0_2_0.csm 0.00 0.05 0.00 0.15 0.20 
AHUsOff_0_2_2_0_2_1.csm 0.00 0.08 0.00 0.14 0.22 
AHUsOff_0_2_2_0_2_2.csm 0.00 0.11 0.00 0.12 0.23 
AHUsOff_0_2_3_0_0_0.csm 0.00 0.03 0.00 0.08 0.11 
AHUsOff_0_2_3_0_0_1.csm 0.00 0.05 0.00 0.07 0.12 
AHUsOff_0_2_3_0_0_2.csm 0.00 0.06 0.00 0.07 0.13 
AHUsOff_0_2_3_0_1_0.csm 0.00 0.04 0.00 0.21 0.25 
AHUsOff_0_2_3_0_1_1.csm 0.00 0.08 0.00 0.19 0.27 
AHUsOff_0_2_3_0_1_2.csm 0.00 0.13 0.00 0.16 0.30 
AHUsOff_0_2_3_0_2_0.csm 0.00 0.05 0.00 0.34 0.38 
AHUsOff_0_2_3_0_2_1.csm 0.00 0.10 0.00 0.31 0.41 
AHUsOff_0_2_3_0_2_2.csm 0.00 0.19 0.00 0.26 0.46 
AHUsOff_0_2_4_0_0_0.csm 0.00 0.01 0.00 0.02 0.02 
AHUsOff_0_2_4_0_0_1.csm 0.00 0.01 0.00 0.01 0.03 
AHUsOff_0_2_4_0_0_2.csm 0.00 0.01 0.00 0.01 0.03 
AHUsOff_0_2_4_0_1_0.csm 0.00 0.02 0.00 0.04 0.06 
AHUsOff_0_2_4_0_1_1.csm 0.00 0.03 0.00 0.04 0.06 
AHUsOff_0_2_4_0_1_2.csm 0.00 0.03 0.00 0.03 0.07 
AHUsOff_0_2_4_0_2_0.csm 0.00 0.02 0.00 0.07 0.09 
AHUsOff_0_2_4_0_2_1.csm 0.00 0.04 0.00 0.06 0.10 
AHUsOff_0_2_4_0_2_2.csm 0.00 0.05 0.00 0.05 0.11 
AHUsOff_0_2_5_0_0_0.csm 0.00 0.03 0.00 0.07 0.10 
AHUsOff_0_2_5_0_0_1.csm 0.00 0.04 0.00 0.06 0.10 
AHUsOff_0_2_5_0_0_2.csm 0.00 0.05 0.00 0.06 0.11 
AHUsOff_0_2_5_0_1_0.csm 0.00 0.04 0.00 0.19 0.23 
AHUsOff_0_2_5_0_1_1.csm 0.00 0.08 0.00 0.17 0.25 
AHUsOff_0_2_5_0_1_2.csm 0.00 0.12 0.00 0.15 0.27 
AHUsOff_0_2_5_0_2_0.csm 0.00 0.05 0.00 0.31 0.36 
AHUsOff_0_2_5_0_2_1.csm 0.00 0.10 0.00 0.29 0.38 
AHUsOff_0_2_5_0_2_2.csm 0.00 0.18 0.00 0.24 0.42 
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8. APPENDIX C 
The following is a summary of existing building characterization databases.  Many of the 
following characterization schemes are used to evaluate energy consumption in buildings, 
as well as remediation strategies for energy inefficiencies.  Many European studies focus 
on the residential building sector, while the American studies focus on the commercial 
building sector.  Please see Appendix A for a visual depiction of this summary. 
8.1. Database Comparison 
This is a graphical representation of the reviewed characterization schemes.  They are 
evaluated on five different levels of information.  The first level “Characterization Type” 
delineates between existing databases and proposed schemes.  The second level “Physical 
Characteristics” summarizes anything having to do with the tactility of the building.  
“Energy Characteristics” include information such as HVAC equipment, energy 
consumption, as well as operating schemes.  The fourth level “Environmental Quality” 
deals with the internal environment of the building.  The final level “Occupancy” deals 
with the demography and psychology of the occupants. 
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Included in the following section is a glossary of the terms used in the summary table.  
Some terms give examples to help adequately describe the used terms. 
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8.1.1. Glossary of Terms for Appendix 
 
Geography   Regional, continental, or other placement of the building 
Vintage   Age of the building 
Principal Activity  Primary building use classification 
Secondary Activity Secondary building use classification 
Tertiary Activity Classification of space within a building, on a room level 
Construction   The type of structure: masonry or steel, for example 
Condition Condition of the building: well-maintained or dilapidated, 
for example; may also include renovation history 
Furnishings   Description of any furnishings within the building 
Primary HVAC Type of primary HVAC system, such as chiller and boiler 
or even fuel type; may also describe plant information 
Secondary HVAC  Type of distribution or secondary HVAC system  
Energy Conservation Describes the implementation of energy conservation 
measures (ECM’s) 
Energy Consumption Typical energy consumption from utilities or even internal 
gains 
Infiltration  Information on infiltration rates, related to the leakiness of 
the building or number of fenestrations, for example 
Ventilation   Information on ventilation rates 
Energy Scheduling Any scheduling related to equipment and lighting, such as 
operation management 
Lighting Levels Amount of light available to occupants: lighting density, 
for example 
Sound Levels Sound levels occupants encounter: decibel level, for 
example 
Temperature Profiles Time dependent temperature profiling or maxima and 
minima 
Humidity Profiles Time dependent humidity profiling or maxima and minima 
Pollution Sources Confirmed or suspected sources of pollution: mold or open 
container, for example 
Pollution Levels  Time dependent pollution profiling or maxima and minima 
Population   Population density information 
Demography Description of population demography: may include health 
conditions or health concerns, for example 
Perception An indication of whether or not occupants have a 
perception of their environment: complaint database or 
occupant survey, for example 
Occupant Scheduling Any scheduling related to occupancy: work schedules, for 
example 
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8.2. Commercial Buildings Energy Consumption Survey (CBECS) 
Source: (EIA, 2010) 
CBECS is the sole source of U.S. national statistical information on both the 
consumption of building energy and energy-related characteristics of commercial 
buildings.  Here, commercial buildings include all buildings in which at least half of the 
floor space is used for a purpose that is not residential, industrial, or agricultural.  The 
characterization of CBECS buildings includes two tiers.  The top tier consists of building 
classification by principal activity, which is the primary business, commerce, or function 
carried on within each building.  There are 16 classifications in this top tier, ranging from 
Education to Vacant.  The second tier is a series of sub-categories or sub-descriptions for 
each building type.  For example, a Food Sales building type may additionally be 
described as fast food or restaurant.  This data may be helpful to understand the mean 
architecture of certain building types.  This database also provides insight into 
consumption by heating and cooling means. 
8.3. English Housing Survey (EHS) 
Source: (English Housing Survey, 2010) 
EHS is a survey that collects information on housing circumstances, conditions, and 
energy efficiency in England.  EHS is a combination of the English House Condition 
Survey (EHCS) and the Survey of English Housing (SHE), two previous surveys that 
have now been merged.  Similar surveys are conducted in Wales, Scotland, and Northern 
Ireland.  This is a continuous national survey consisting of interviews and physical 
inspections.  The interviews provide insight into occupant behavior and perception.  The 
physical inspections are both internal and external.  The inspections collect data on the 
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number and types of rooms, the condition of the structure, details of the heating system, 
as well as neighborhood quality.  This is a very comprehensive database that looks into 
factors such as building age, mold and condensation concerns, family composition, 
heating and insulation, and energy performance.  This is a good database for developing 
baseline models for simulation in residential scenarios.  Unfortunately, it is based on 
European standards for energy efficiency and cleanliness, so may present translation 
issues.  Despite this fact, it presents some factors that need to be considered for building 
characterization. 
8.4. International Building Code (IBC) 
Source: (International Construction Code, 2003) 
The International Building Code is simply a guideline for setting up building 
classification.  It is similar to the tiered system set forth by CBECS, but is not a database 
of gathered information.  IBC sets standards for air quality and construction, which can 
be used to develop baseline models of various building types if necessary.  Other codes 
can be combined with IBC.  For example, if designing for a LEED, or High Performance 
Building, LEED or ASHRAE guidelines may be used to describe a particular building as 
well. 
8.5. Building Research Establishment (BRE) 
Source: (Kavgic, Mavrogianni, Mumovic, Summerfield, Stevanovic, & Djurovic-
Petrovic, 2010) 
The Building Research Establishment was previously a U.K. commissioned program.  
Currently it is a privatized consulting group.  BRE has developed many sub-programs 
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such as BRE-DEM (Domestic Energy Model) and BRE-HOMES (Model of Housing 
Stock Energy Use).  BRE-DEM is used to calculate the energy calculations for BRE-
HOMES.  BRE-HOMES considers many factors such as dwelling category, thermal 
characteristics, heating system characteristics, temperature profiles, and occupant 
behavior.  Additionally, this system looks at the effects of energy conservation measures.  
While BRE gives an example of some building characterization, it is aimed towards 
energy measurement, not contaminant measurement.  
8.6. Canadian Residential Energy End-use Data and Analysis Center 
(CREEDAC) 
Source: (Aydinalp, Ferguson, Fung, & Ugursal, 2001) 
This source is the analysis of the EnerGuide for Houses (EGH).  The EGH database is 
comprised of energy audits from over 20,000 homes.  EGH is a program established by 
the Canadian Government to provide homeowners with independent expert advice 
concerning the energy efficiency level of their homes.  The EGH database contains 
construction year, occupant behavior, construction characteristics, as well as calculated 
heat losses for each home (among other information).  Figure 13 below shows an 
example of the categorization scheme that CREEDAC uses to evaluate the data from its 
EGH database. 
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Figure 13. Categorization Scheme for EGH 
The first tier of evaluation is geographical: within which province or region the building 
is located; this sets information such as weather conditions.  The next tier is vintage, 
which simply means age of the dwelling.  The age of the dwelling may be associated with 
information such as construction type.  The third tier is fuel type, and will shed light on 
what type of system is implemented in each dwelling.  The heating system within a 
dwelling can help infer contaminant transport.  The final tier is house type, which 
describes whether the house is attached or detached.  The tiered system presented here 
places emphasis on having data for the higher tiers first, working from macroscopic to 
microscopic information. 
8.7. Building Assessment Survey and Evaluation (BASE) 
Source: (EPA, 2010) 
BASE is the most comprehensive and applicable study that is applicable for this project.  
The BASE study was conducted for a period of five years starting in 1994.  Stemming 
80 
 
 
from a lack of understanding of sick building syndrome, the Environmental Protection 
Agency (EPA) wanted to develop a baseline model to compare “sick” buildings too.  
BASE serves this purpose, and is addresses IAQ and occupant comfort in large public 
and commercial buildings.  The broad tiers of information collected include: general 
building information, HVAC characterization, environmental composition, and occupant 
demography.  General building information includes vintage, construction, use, 
furnishings, renovations, as well as local pollutant sources.  HVAC characterization 
includes design features, as well as fresh air quality and quantity.  Environmental 
composition looks at light, sound, temperature, relative humidity, as well as pollutant 
concentrations (volatile organic compounds (VOC’s), biological contaminants, and radon 
concentrations).  Occupant demography includes health symptoms and perception of IAQ 
as a result of occupancy surveys.   
8.8. Greek Virtual Building Database (VBD) 
Source: (Nikolaou, Skias, Kolokotsa, & Stavrakakis, 2009) 
In 2003, the European Union implemented the Energy Performance of Building 
Directives (EPBD) to promote an increase in the energy performance of buildings for all 
EU members.  This article summarizes the process that Greece used to develop their 
Virtual Building Database (VBD) in order to develop benchmark data and evaluate 
energy conservation measure implementation.  As a result, a comprehensive database 
filing system was required.  Figure 14 below graphically shows the important input 
variables for classification for the Greek database.  
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Figure 14. VBD Generation Scheme 
The VBD process summarizes and stresses many of the important input parameters that 
previous schemes do, such as physical building description or climactic zone.  
Alternatively, it presents indoor environmental quality, which has not been stressed by 
other frameworks.  Indoor environment is described as a percentage of time of occupied 
hours that the air quality lies within a previously prescribed acceptable range.  The Greek 
VBD has created a housing stock of approximately 30,000 homes using this process. 
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9. APPENDIX D 
An adequate outdoor dispersion model is required to develop boundary contaminant 
concentration conditions for indoor contaminant simulation.  The model must be 
comprehensive enough to model contamination to the required resolution to reduce 
uncertainty.  Alternatively, higher resolutions require additional computing power that 
makes modeling nearly impossible.  Current outdoor dispersion models include the box 
model, Gaussian model, Lagrangian model, Eulerian model, and Fickian model (Air 
Pollution Dispersion Technology, 2010). 
9.1. Box Dispersion Model 
The box dispersion model is perhaps the simplest of models.  The premise behind the 
model is that within a particular resolution, pollutant concentration is homogeneous.  If 
the plume width is congruent with the resolution of the grid being used for the box 
dispersion modeling, then the box model can work quickly and relatively accurately.  
Unfortunately, for application to this project, the box model may not be robust enough to 
model urban dispersal. 
9.2. Gaussian Dispersion Model 
Gaussian models are characterized by concentration that is dispersed three dimensionally 
according to a bell-shaped geometry, with the highest concentrations of a contaminant in 
the center of the plume. A Gaussian model is used to predict contaminant concentration 
downwind of the point source based on factors such as stability, wind profiling, and stack 
height, being governed by diffusion and advection.  A Gaussian dispersion model treats 
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the plume as an entity or body, instead of a composition of particles.  A typical Gaussian 
dispersal model follows the equation: 
 
𝐶𝐶 =  𝑄𝑄2𝜋𝜋𝜎𝜎𝑦𝑦𝜎𝜎𝑧𝑧𝑢𝑢 
where: 
 𝐶𝐶 = concentration of the centerline (mass/volume) 
 𝑄𝑄 = source strength or emission rate (mass/time) 
 𝜎𝜎𝑦𝑦= standard deviation in the horizontal (length) 
 𝜎𝜎𝑧𝑧= standard deviation in the vertical (length) 
 𝑢𝑢 = wind speed (length/time) 
 
Gaussian models are significantly more accurate than the box dispersion models, and are 
widely-used for outdoor contaminant dispersion modeling. 
9.3. Lagrangian Dispersion Model 
A Lagrangian dispersion model follows what are referred to as parcels, packets, and even 
particles.  The Lagrangian dispersion model is perhaps the most accurate of the models 
summarized here.  Parcels are tracked using a random walk process, often modeled by 
Monte Carlo simulations.  As the parcels move, the frame of reference moves with the 
parcel.  Lagrangian models offer the most accurate contaminant concentration simulation.  
Alternatively, the intensive computer power required often makes them undesirable.  For 
example, a grid resolution of 10 meters with a Lagrangian model may require the same 
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computing power as an Eulerian model having a grid resolution of 3 meters (Nielinger, 
Rockle, Hans-Christian, & Kost, 2004) while yielding similar results. 
9.4. Eulerian Dispersion Model 
Lagrangian and Eulerian dispersion models share many similarities.  The largest 
difference between the two models is the frame of reference.  The shifting frame of 
reference that tracks parcels with a Lagrangian model requires a significantly higher 
degree of computing.  Alternatively, Eulerian models use a static frame of reference, 
much like the Gaussian model.  Eulerian models lack the accuracy of the Lagrangian 
model, but have greater resolution capabilities making them desirable for this study. 
9.5. Fickian Dispersion Model 
A Fickian model may have similar results to a Gauss model in that it treats pollutants as a 
single entity, instead of the parcel tracking methods like Eulerian and Lagrangian.  This 
makes it require less computing power, but lacks the accuracy of particle-tracking 
models.  The model is based on diffusion and its ratio to eddy size.  Fickian models are 
best for regional modeling.  The Fickian model is described as: 
 
𝜕𝜕𝐶𝐶
𝜕𝜕𝜕𝜕
= 𝐾𝐾𝑥𝑥𝜕𝜕2𝐶𝐶
𝜕𝜕𝑥𝑥2 + 𝐾𝐾𝑦𝑦𝜕𝜕2𝐶𝐶𝜕𝜕𝑦𝑦2 + 𝐾𝐾𝑧𝑧𝜕𝜕2𝐶𝐶𝜕𝜕𝑧𝑧2  
Where: 
 𝐾𝐾 = eddy diffusivity 
 𝐶𝐶 = concentration (mass/volume) 
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Eddy diffusivity can be related to conductivity; the greater the eddy diffusivity, the 
greater the diffusion. 
9.6. Hybrid Plume-in-Grid Model 
A plume-in-grid model is good for tracking parcels or packets of air downwind and 
determining their pollutant composition.  A plume model is used to track the dispersal of 
contamination from a point source.  Once the pollution reaches an equivalent resolution 
to the grid being used, the pollution concentration is approximated and set as the 
concentration for the entire grid, much like box dispersion model (see Figure 15). 
 
It is important to note that in this type of model, plume concentration is not assimilated 
into the grid until the plume is the same dimension as the grid cell.  This means that 
information known or understood about the plume (resolution smaller than grid size) is as 
accurate a depiction of the plume as possible.  Once, however, the plume diameter 
reaches grid resolution, it can then be modeled as a well-mixed, single-concentration 
entity.  One additional advantage to this model is that it can be transferred directly into a 
less detailed grid model, leading to a more accurate simulation than if no information on 
the plume was known. 
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Figure 15. Plume-In-Grid Model (Shodor, 2010) 
The main difference between puffs and plumes is the consideration of time in the nature 
of the dispersion.  Again, puffs are typically characterized as instantaneous emissions, 
while plumes are characterized as continuous emissions.  Some classical plume types 
have been described in Error! Reference source not found.. 
9.7. Factors Integral to Dispersion Models 
What delineates one type of model from the next are the inputs and outputs of external 
dispersion models.  One of the first variables important to models is the resolution 
availability.  The resolution of the input concentrations along with the resolution of the 
output concentrations is essential to reducing uncertainty in evaluation.  Resolution also 
sets the scale of evaluation.  A grid size of one kilometer or more may be used to evaluate 
city-wide contaminations, or macro scale application.  On a macro scale, regional effects 
and factors are vital to contaminant transport. 
 
Alternatively, a grid size of one kilometer or less may be used to look at micro scale 
applications, such as buildings in isolation.  Meteorological input needs to take into 
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consideration factors such as surface conditions and temperatures, and perhaps even 
factors such as air mixing height and stability.  Some final important factors include 
whether models take into account chemical reactions between contaminants, and 
complexity of the model.  It is important to use an accurate mathematical model to 
describe the contaminant transport throughout an urban landscape, because of the vortices 
and eddies induced. 
 
Under normal circumstances and environmental conditions, a stable wind pattern can be 
greatly altered by an object standing in its path.  For example, the leeward wall of a 
building may experience encapsulating eddies near the corners (Figure 16).  If the bulk 
fluid in these encapsulating eddies is highly contaminated, windows, doors, and other 
entrance devices in the building envelope may make a building more susceptible to 
contamination. 
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Figure 16.  Vortex Systems around Buildings (Flow Obstructions and Wakes, 2004) 
For this reason, robust mathematical models are required to fully comprehend a plume’s 
fate and transport.  Additionally, models that are “object attentive” or “object aware,” in 
our case, having building awareness and interaction, are highly attractive. 
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10. APPENDIX E 
There are many classical plume types.  Plume dispersion is a function of ejection 
velocity, plume buoyancy, wind speed, and environmental stability.  As long as plume 
temperature is greater than the ambient air, plumes will continue to rise.  Wind effects 
how quickly a plume will bend over.  Some of the classical plume types are Fanning, 
lofting, looping, coning, and fumigating. 
 
Figure 17. Fanning Plume (Dispersion Basics, 2002) 
The Fanning plume is characterized by a stable outdoor environment.  The plume stays 
narrow in the vertical direction, but diffuses horizontally as wind thermals are stable in 
the vertical direction but not the horizontal direction.  These plumes have the ability to 
travel great distances.  Additionally, if the plume stabilizes at a height greater than the 
tallest urban building, receptors may be relatively unaffected by the plume.  However, the 
reverse is the opposite. 
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Figure 18. Lofting Plume (Dispersion Basics, 2002) 
Lofting plumes are characterized by stable bottoms and neutral tops.  The stable 
undercurrents allow for a flat bottom to the plume.  However, the neutral upper 
conditions allow for diffusion of the plume in the vertical and horizontal directions.  The 
lower boundary conditions present the same implications as with the Fanning plume 
regarding stabilized height. 
 
Figure 19. Looping Plume (Dispersion Basics, 2002) 
Looping plumes are characterized by totally unstable bulk fluid conditions.  Thermal 
gradients create a gyrating (or looping) plume effect.  Under this effect, the plume will 
resemble a helical cone form.  When the centerline of the plume reaches ground height, it 
can be of great concern to receptors. 
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Figure 20. Coning Plume (Dispersion Basics, 2002) 
Coning plumes are characterized by neutral bulk fluid conditions in the vertical direction.  
As the plume moves downwind, this type of plume would follow a typical Gaussian 
distribution.  As streamline conditions come in contact with receptors, concentrations 
may be significantly low. 
 
 
Figure 21. Fumigating Plume (Dispersion Basics, 2002) 
The fumigating plume is characterized by more realistic conditions than previous plumes.  
A fumigating plume incorporates the dynamic nature of the bulk fluid.  Initially, a 
fumigating plume starts as a Fanning plume, with stable boundary conditions.  However, 
after some time the lower boundary condition becomes extremely unstable, forcing the 
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plume to “fumigate” the area below the centerline.  These types of plumes can result in a 
great pollutant concentration at the receptor range. 
 
 
 
 
 
